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Abstract 
Climosequence Vertisol profiles derived from the Upper Beaumont Formation in the Gulf 
Coastal Prairie physiographic province of Texas were examined for geochemical trends 
ascribed to different precipitation regimes. Mass-balance relationships were utilized for 
the comparisons. Compositional differences in zirconium (Zr) content between the solum 
and lower sub-soil precluded it use an immobile strain (volumetric change) indicator. This 
difference was correlated to sand weight percent (r2 = 0.65**). Titanium (Ti) content did 
not shift correlatively with depth, thus making Ti the preferred strain index element for 
mass-balance calculations. Depths at which the Zr compositions shifted were not directly 
related to mean annual precipitation (MAP) regime and are considered to be functional 
boundaries between open-system pedogenesis and more closed system hydrogeochemical 
weathering. 
Mass-balance relationships of ten elements examined within the climosequence showed 
trends ascribed to precipitation intensity. Mass-balance relationships varied not only 
between locations but also between microtopographic positions within each Vertisol 
pedon. Basic mass-balance trends with depth in the climosequence profiles fall into four 
broad categories depending on the relative mobility and geochemical reactivity of the 
individual elements: 1 )  framework, 2) clay interaction, 3) leachable/biocycle, and 4) 
climatic/redox-sensitive. Net mass flux percentages indicate a relative steady-state of 
around -16% (±3%) in climosequence Vertisol pedons with MAP> 900 mm. 
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The total Fe (Fernr) content of pedogenic iron-manganese (Fe-Mn) nodules from Vertisol 
profiles correlates with mean annual precipitation (MAP, r2 = 0.92***). No significant 
trend ofFeror with depth was noted in profiles. Using the regression developed from 
modem Vertisol data, Feror contents of Paleozoic paleo-Vertisol Fe-Mn nodules yielded 
MAP regimes comparable to previously inferred paleoenvironmental interpretations. 
Paleoprecipitation estimates derived from Fe-Mn nodules for an uneroded, Late 
Mississippian paleo-Vertisol are very close to estimates made from a depth to pedogenic 
carbonate horizon (DCH) proxy determined from the modem V ertisol climosequence. 
Because the Fe-Mn nodule proxy is independent of depth, consistent paleoprecipitation 
estimates can be made even in eroded paleo-Vertisols and, in combination with the DCH, 
may be useful in determining original paleosol thickness. 
IV 
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1.1 Soils and paleosols as environmental indicators 
Soils are direct integrations of environmental effects on their geologic parent material over 
time. As such, they may provide interpretive tools in understanding their environment of 
formation (Jenny, 1 941a, 1 980; Birkeland, 1999). Authigenic mineral formation, 
morphological characteristics, and geochemical changes all attest to the evolution of a soil 
through time in response to direct environmental influences. Most pedogenic processes 
require 102 - 1 04 years before a clear environmental signature is defined (Y aalon, 1 971)  
This is a virtual geologic "eye blink" in many paleosol (ancient lithified soil)-bearing 
sedimentary sequences, which may record millions of years of environmental change. 
Paleosols have been used to interpret the paleoenvironments in which they formed 
(McSweeney and Fastovsky, 1 987; Ceding et al., 1 989; Nordt et al., 1 994; Mora et al., 
1 996; McCarthy et al., 1 999). The interpretive power of paleosols is greatly enhanced by 
the examination of modem soil and environmental analogs, where pedogenic processes 
and conditions can be monitored and quantified. For paleoenvironmental reconstructions, 
useful paleosols are those which:1 )  experienced minimal post-pedogenic alteration, 2) 
remained cohesive during the burial process, and 3) have experienced a minimal amount of 
diagenetic fluid-rock interaction, preserving both physical and chemical pedogenetic 
evidence. It is also desirable that these paleosols are both easily identifiable with modem 
analog soils and geographically widespread. 
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Paleosols analogous to several modem soil types have been identified in the rock record 
(Mack et al., 1 993 ). Clay-rich soils, or Vertisols, and their ancient analogs meet the 
requirements suggested above. Vertisols have been identified in many modem geographic 
regions, forming on a wide range of parent materials and maturing to have remarkably 
similar physical/geochemical characteristics within a geologically brief period of time 
(from 1 000 - 4000 yr; Wilding and Coulombe, 1996; Robinson, 2001 ). Lithified Vertisols 
(paleo-Vertisols) have been identified in many geologic successions, particularly 
Paleozoic-age successions in the Appalachian Foreland Basin of eastern North America 
(Driese et al., 1 992; Driese and Mora, 1 993; Mora and Driese, 1 999). These paleosols 
clearly show field characteristics fitting modem taxonomic criteria for Vertisols, often 
despite deep burial and post-pedogenic alterations (Caudill et al., 1 996). Geochemical 
and petrographic analyses of paleo-Vertisols show trends remarkably similar to modem 
Vertisols, suggesting that the interpretive power of these paleosols may be extensiv{? 
(Driese et al., 2000). 
1.2 Geologic Context of Vertisols and Their Ancient Counterparts (Paleo-
Vertisols) 
1.2.1 Vertisols in Present Day Conditions 
According to U.S. Soil Taxonomy, Vertisols are soils that have: 1 )  a layer (>25 cm thick) 
of slickensides or wedge-shaped peds with long axes tilted 10-60° from horizontal, 2) > 3 0 
wt % clay, and 3) cracks which open periodically (Soil Survey Staff, 1 998). Vertisols 
form relatively rapidly on flat-lying, fine-grained, base-rich parent materials across a broad 
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range of climatic regions with periodic soil-moisture deficits (Ahmad, 1983; Coulombe et 
al., 1996a). These soils attain comparable mineralogic assemblages over time, regardless 
of parent material, with mineral percentages and micromorphologic expressions differing 
across climatic gradients (Millot, 1982). 
Clay minerals make up 30 to 95% of the particle size :fractions ofVertisols. Most clay 
minerals are 2: 1 phyllosilicates, usually in the smectite group (montmorillonite and/or 
beidellite ), although micaceous intergrades and kaolinite have been reported (Dixon, 1982; 
Coulombe et al., 1996a). Smectites are particularly surface-reactive and often participate 
in hydrochemical reactions involving water-soluble organic compounds and ionic species. 
These clays also hold relatively large percentages of water under high potentiometric 
conditions(> 1500 kPa, the functional wilting point beyond which plants can no longer 
effectively remove water from the soil). This behavior dictates Vertisol geochemistry and 
hydrogeochemical behavior. Accessory silicate, oxide and hydroxyoxide minerals are also 
found and may be used to elucidate the provenance and continuity of soil parent material, 
in addition to providing clues to redox conditions (Stephen, 1953; Wang et al., 1993). 
Coulombe et al. (1996a) proposed that mineralogic assemblages in Vertisols may have 
been underinterpreted in the past and that there are still clues to pedogenesis and 
environment of formation to be gained from closer examination of the relationships 
therein. Dudal and Eswaran (1988) claim that this is supported by Vertisol morphologies 
having complicated internal hydrochemical and physiological systems rather than the 
simplistic overturn model suggested by earlier pedologists (Templin et al., 1956). 
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The physical morphology of Vertisols, induced primarily by the influence of differential 
moisture stress on the clay-rich matrix, includes gilgai and slickensides (Wilding and 
Tessier, 1 988). Slickensides are planar features, occasionally striated parallel to dip and 
occurring at a critical depth within the profile, along which rhombohedral masses of soil 
matrix are dislocated (Y aalon and Kalmar, 1 978). Gilgai, or "little water bowls" 
(aboriginal Australian term), are bimodal microtopographic expressions of subterranean 
plastic deformation along slickenside planes that occur during wetting. As the wetting 
front descends, large volumes of soil matrix are forced upward, creating small anticlines 
or "microhighs" (Hallsworth et al., 1 955). Poorly-drained basins ("microlows") form in 
the synclinal areas adjacent to the microhighs, tending to accumulate more organic matter, 
whereas in the microhighs, water is conducted upward along the slickenside planes aided 
by evapotranspiration (Newman, 1986). Microtopographic domains persist across time 
and disturbance episodes, their development and preservation aided by the very nature of 
the physico-chemical environment they generate. This distinctive topography essentially 
creates a pedogenic continuum within the formational environment, with morphologic 
expression sensitive to changes in vegetative cover and precipitation seasonality. 
Geochemical differences are noted between the microtopographic domains, with the 
microlows acting as more closed hydrogeochemical systems, whereas the microhighs tend 
to be "drier" open systems influenced by dynamic physical actions (Driese et al., 2000). 
1. 2. 2 Pre-Quaternary P aleo-Vertisols 
Clay-rich paleosols showing analogous morphology to modem Vertisols have been 
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identified in severa l Pa leozoic age sequences of the Appa lachian Fore land Basin ( Mora 
and Driese , 1 999). These pa leo- Vertiso ls tend to be we ll-preser ved and ma y even be 
over-represented in geo logic successions compared to mode rn day occurrences , due to 
either cohesion and resistance to erosion , lack of ph ysica l compaction ( Caudi ll et al ., 
1 997) or simp ly because these types of soi ls were more preva lent in the past ( Driese and 
Foreman , 1 99 1 ,  1 992 ;  Gustavson , 1 99 1 ;  Caudi ll et a l., 1 996 , 1 997). Basic geochemica l 
trends of paleo- Ver tiso ls have been found to match those of modern counterparts , 
suggesting a re lative ly c losed-system chemical environment during buria l diagenesis , even 
to the extent that microtopo graph ic di fferentiation of chemica l trends m ay  sti ll be 
discerned ( Driese et a l., 2000). 
Preserved gi lgai microtopography, a long with s lickensided ag gregates , are the most 
notab le characteristics identifying pa leo-Ver tiso ls ( Caudi ll et a l., 1 996). The 
pedogenical ly altered c lay-rich ma trix does not a llow for si gnificant compaction , unlike 
t ypica l subaqueous c lay  deposition ( Caudi ll et al ., 1 997). Sign ificant geochemical 
di fferences found between microtopographic positions in modern Vertiso ls may be 
expressed simi lar ly in the pa leo-Ver tiso ls . Driese et a l. (2000), upon noting large 
differences in geochemical composition between pedons from adjacent microtopographic 
positions , suggested that interpretation of pa leo-Ver tiso l compositions without full 
knowledge of the microtopographic positions may be mis leading . Micro lows tend to 
preserve a bet ter signat ure of hydrodynamic conditions , as they act as more c losed 
s ystems . It is imper ative in studies of Ver tiso l genesis to inc lude comparisons be tween the 
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microtopographic positions in order to assess the differential ranges of geochemical 
signatures attributable to genetic factors. 
1.3 Modern Soil Geochemistry 
Studies of modern soil geochemistry has largely focused on the agricultural aspects of 
mineral alteration, aqueous dynamics, and translocations (sensu Lindsay, 1 979). 
Geochemical maturation of natural soil bodies in response to environmental factors has 
been studied using various techniques. Early pedologists, having classical geology 
backgrounds (Harrassowitz, 1 926; Marbut, 1935), were inclined to utilize elemental 
composition ratios to determining loss or gain within weathering profiles. It was also 
discerned that combinations of elements, behaving in similar or contrasting modes, were 
especially effective in differentiating patterns of weathering (Birkeland, 1999). Chadwick 
et al. (1990) broadened the interpretive powers of elemental compositional variations by 
using ratio categories in combination with mass-balance relationships. Langley-Turnbaugh 
and Bockheim (1998) successfully utilized mass-balance relationships with traditional soil 
extraction methods to determine alterations and add interpretive power to a marine terrace 
chronosequence in Oregon. 
1 .3. 1  Mass-Balance Overview 
Systematic mass-balance equations used to determine weathering intensity in residual 
profiles were initially defined by Brimhall et al. (1985) to study residual enrichment in 
supergene ore deposits. These relationships allow for meaningful comparisons of 
6 
elemental translocations by essentially accounting for volumetric changes, residual 
enrichment, and open system transport of material in soil (Brimhall et al., 1 985; Brimhall 
and Dietrich, 1 987). Relatively closed system alterations are quantified through strain ( E) 
based on the concentration of an immobile element and bulk density measurements (Eq. 
1 ): 
(1 ) 
Where E is strain, p is bulk density, p is unweathered parent material, w is weathered 
material, and C is concentration of immobile element i. Strain indicator elements, such as 
zirconium (Zr) and titanium (Ti), in theory, are residually enriched relative to elements 
translocated from leached zones, and depleted relative to elements accumulated in 
secondary phases. The magnitude of open- system transport of an element ( 't; w) is 
determined by incorporating the strain index into a volumetric correction equation similar 
to Eq.1 :  
(2) 
These equations have been used with relative success in many pedogenic settings 
(Chadwick et al., 1 990; Merrits, et al., 1 991 ; Nieuwenhuyse and van Breeman, 1 997; 
Langely-Turnbaugh and Bockheim, 1 998; Mason and Jacobs, 1 998; Driese et al., 2000). 
Chadwick et al. (1990) pointed out that there were some shortcomings inherent in the 
calculations, specifically the lack of accounting for differences in parent material 
(particularly superjacent accumulations) and the difficulties of accurately assessing bulk 
densities in coarse-textured soils. Brimhall et al. (1991a, 1 993) recognized the major 
shortcomings were the pre-suppositions that: 1 )  parent material remains consistent 
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throughout the entire depth of the profile, and 2) strain indicator elements remain 
geochemically "fixed" in the weathering profile. Subsequent studies have attempted to 
address solutions to this problem, either through examination of minerals containing 
immobile elements within profiles for evidence of differential transport and dissolution 
(Brimhall et al., 1993) or by defining the most conservative elements in weathering 
monolithic systems (Hill et al, 1 999; Kurtz et al., 2000). Despite the cautionary 
observations, mass-balance relationships present a promising approach to comparing 
modem pedogenic settings with ancient analogous environments. 
1.3.2 Determining Soil Strain 
In mass-balance relationships, strain is quantified using a relatively immobile element, one 
that behaves conservatively under weathering conditions. Brimhall and Dietrich ( 1987) 
suggested the use of Ti or Zr as immobile strain indicators based on Australian bauxite 
data from Sadleir and Gilkes ( 1976). These elements are components ofrelatively stable 
minerals in most geologic materials, particularly rutile (TiO2), ilmenite (FeTiOJ, and 
zircon (ZrSiO4). However, there are legitimate questions about the "immobility " of these 
elements, as mineral phases in soils degrade during pedogenesis and small mineral grains 
from outside sources may be added and then transported downward in the solum. Within 
lateritic profiles, the residual soils developed under long-term intense weathering 
conditions from which the original mass-balance equations were derived, the provenance 
of these relatively inert minerals has been called into question (Brimhall et al., 1 991  a & b, 
1 993; Colin et al., 1 993). Degradation of Ti- and Zr-bearing minerals, which is limited 
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but not implausible, occurs under different weathering conditions, depending upon 
hydrogeochemical factors such as the presence of soluble organics (Ti; Correns, 1978), or 
ionic strength fluxes (Zr; Speer, 1 978). 
Most soils do not develop under the relatively closed-system model of a monolithic, fixed­
composition parent material throughout the entire weathering duration. Soil mantles are 
dominantly polygenetic, in the sense that geologic or biologic material is constantly being 
added to the sol um. The most dramatic cases of this are loess sequences and accumulated 
alluvial deposits (Birkeland, 1 999). Such soils, termed "cumulative " by Nikiforoff (1949), 
can be compared to underlying unweathered parent materials through mass-balance 
calculations only by factoring out the influence of fresh overburden (Brimhall et al., 1 993). 
Alluvially-derived soils have complex depositional architectures (noted most frequently as 
particle-size distribution shifts; Asian and Autin, 1 998) to complicate long-term mo�els of 
pedogenesis. However, the assumption can be made that a stream derives its parent 
sediment from a source basin, which in most cases does not significantly shift its lithologic 
composition over time 01 an Andel and Poole, 1 960). Thus, there should not be major 
compositional shift within the basin during active down-cutting and mass-balance 
relationships are still valid. Comparing soils from between basins requires that strain be 
calculated from the estimated intrabasinal parent material of each alluvial deposit. Once 
this is done, the relative translocations are easily compared between pedons derived from 
different parent alluvium. 
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1.3.3 Soil - Paleosol Comparisons 
Most elements behave in a predictable fashion in mineral soils, being lost through primary 
mineral degradation and leaching and accumulating through secondary mineral 
precipitation. Chadwick and Chorover (2001 ) suggest that soils progress through a series 
of pedogenic thresholds dictated by weathering regime and geological setting. 
Paleosol/modern analog soil comparisons are based on the uniformitarian hypothesis that 
the essential thermodynamics of soil-forming processes have not changed through 
geologic time, such that if a notable trend occurs in a (Phanerozoic) paleosol, a 
comparable trend can be described in modern analogs of that paleosol. There are some 
exceptions, particularly past ambient conditions that cannot be found on present day Earth 
except under experimental control, such as paleoatmospheric compositions with elevated 
pC02 and p02, warmer temperature regimes, and Bryophyte megaflora communities 
(Retallack, 1 990). Soils formed under these types of conditions have no modern analogs 
and paleopedogenesis can only be estimated (Mack and James, 1 994). The most limiting 
aspect of paleosol/modern analog soil comparisons is the paucity of well-preserved 
paleosols. Most paleosol profiles are only partially preserved, as the most erodible surface 
horizons are partially or entirely removed prior to burial. How well a particular soil type 
can be preserved in the geologic record determines the efficacy of modern analog studies 
of this type. 
Dreise et al. (2000) found that modern Vertisol mass-balance characteristics were 
translatable to ancient Vertisols. The clay-rich matrix characteristic of Vertisols not only 
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dictates their geochemistry, but also preserves some of the imprinted geochemical 
signature emplaced by pedogenic processes. When directly compared, the bulk 
composition of many elements, such as aluminum (Al), potassium (K), and silicon (Si) 
were notably different between modern and ancient soil, most likely due to changes 
induced by burial diagenesis. But when mass-balance relationships were employed, 
comparisons of pedogenic signatures are more readily accomplished. For example, the 
general translocation patterns for Ca, magnesium (Mg), and phosphorus (P) were very 
similar between modern Vertisols and their ancient counterparts. These encouraging 
findings suggest an expanded role for paleo-Vertisols in paleoenvironmental 
reconstructions - as a sub-aerial proxy for long-term climate changes induced by regional 
tectonism and Milankovitch cycles. The analog comparison studies open new doors to 
cooperative investigations between pedologists and geologists searching for finer­
resolution paleoclimate correlatives for existing stratigraphic and 
paleontologic records. 
1.3.4 Pedogenic Climate Indicators 
Several soil characteristics expressed in modern soils are preserved in geologic 
successions. The most notable preserved paleosol characteristics are: carbonate nodules/ 
rhizocretions/calcretes, evaporite pseudomorphs, dessication cracks, ped structure, root 
traces, and redox-induced depletions/concentrations/glaebules (Retallack, 1990). 
Occasionally plant traces are noted and even some preserved organic material, but this is 
rare, particularly in oxidized paleosols. Several of these characteristics are indirectly 
1 1  
induced by climatic conditions and are fairly well-preserved in paleo-Vertisols, most 
particularly carbonate and redox features (Mora and Driese, 1 999). Some features are 
less useful, as they may be easily overprinted or induced by more than one soil-forming 
condition (ped structure, crack morphology). 
1 . 3.4. 1  Depth to Carbonate Enriched Horizons 
Most Vertisols are enriched in pedogenic calcium carbonate ( calcite-CaCOJ, as they 
selectively form on base-rich parent materials in areas where there are distinct periods of 
drying. The hydrodynamic nature of smectitic clay matrices also induces carbonate 
precipitation at higher relative moisture contents than coarser-textured soils, as 
hydrophilic smectites effectively reduce free-water content, enriching soil-solution 
bicarbonate (HC03-) beyond saturation with respect to calcite or mixed composition 
carbonates (Doner and Lynn, 1 989). Depth to carbonate-enriched zones (Bk horizons) 
has been utilized as a proxy for climatic conditions (Jenny and Leonard, 1 934; Jenny, 
1 941 b; Arkley, 1 963), as the carbonate leaches to just below effective meteoric 
infiltration. Retallack (1992) utilized this relationship in paleosol sequences to fortify 
evidence of climatic change across the Eocene-Oligocene boundary. Caudill et al. (1996) 
utilized an equation derived from Retallack (1994) to estimate precipitation in a 
Mississippian-age paleo-Vertisol. The method is not without problems, however, as 
variable hydraulic conductivities and mixed phase mineral stabilities precluder consistent 
or simple correlation in most cases. Royer (1 999) found a weak relationship between a 
large data set of depths to top of carbonate horizon derived from the United States 
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Department of Agriculture - Natural Resource Conservation Service (NRCS) database 
and mean annual precipitation (MAP; r2- = 0.31 ;  P <0.001). Royer ( 1 999) suggested that 
more robust correlations may be obtained if there is stricter control on edaphic conditions 
within modeled climoseries, such as vegetation type, hydraulic conductivies, and 
precipitation patterns. Certainly paleo-Vertisol paleoprecipitation interpretation should be 
based on well-controlled analog model derivations. 
1 . 3.4.2 Pedogenic Iron-Manganese Nodules 
Another indicator of redox status in soils is the presence of pedogenic iron-manganese 
(Fe-Mn) concentrations or glaebules. Iron and Mn minerals are the most abundant 
metallic oxides in soils (McKenzie, 1 989; Schwertmann and Taylor, 1 989). Often 
associated with soil color, Fe and Mn mineral phases can coalesce into stable authigenic 
glaebules, or nodules, in soils with alternating wet and dry hydrologic conditions. The 
pedogenic Fe and Mn mineral phases which form the nodules are responsive to changes in 
Eh/pH and ionic strength of soil solution along with free-water availability. Because 
vadose hydrochemistry is controlled by meteoric supplies, formation of pedogenic Fe-Mn 
nodules in Vertisols is largely dictated by rainfall trends. 
The mechanics of nodule development differ between marine and pedogenic settings, as 
does the resulting minor mineral content. In marine settings, nodules form at the 
sediment-ocean interface where oxidizing water reacts with diffusive supplies of reduced 
Fe and Mn from the sediments (White and Dixon, 1 996). Microbial processes mediate 
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sediment reduction in low-influx settings, and as oxygenated sea water is not limited, 
marine nodules can often grow quite large and contain relatively pure-phase mineral 
assemblages. Pedogenic nodules, however, are more responsive to immediate changes in 
the sub-aerial environment, initially coalescing as hydrous-phase assemblages in 
micropores, and accreting outward in concentric fashion. These nodules grow displacively 
and incorporate resistant mineral grains, such as quartz and zircon, into their matrix, 
unlike their marine counterparts (Cescas et al., 1 970). 
The intimate relationship of Fe and Mn in marine and pedogenic nodules has been widely 
studied (Lundgren and Dean, 1 979; Postma, 1 985; Golden et al., 1 993) and :the presence 
of Mn seems to be required for Fe-enrichment. The major similarity between the two 
nodule-forming environments is a redox gradient necessary for mineral 
dissolution/precipitation (Ehrlich, 1 981 ). It is believed that Mn oxides containing 
structural Mn(IV) initially precipitate (Senyaki et al., 1 989) and subsequent oxidation of 
Fe2+ by Mn(IV) reduction to Mn(II) induces Fe(III) mineral phases to precipitate (Golden 
et al., 1 988). In pedogenic nodules, an additional driving mechanism is vadose hydrology, 
dictated by seasonal wetting and drying cycles. Hydrous Fe and Mn mineral phases 
(ferrihydrite, bimessite) form in hydrochemically favorable micropores, and as water 
becomes limiting, establish more stable crystalline lattices (goethite, lepidocrocite, 
hollandite) that are resistant to later post-pedogenic alterations. 
Most common modem occurrences of pedogenic Fe-Mn nodules are in fine-textured (silt-
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or clay-rich) soils with poor or imperfect drainage in moderately wann to tropical regimes. 
In many cooler climates, most Fe and Mn phases are amorphously associated with, or 
chelated by, humic substances (soil organic matter or SOM). Significant volumetric 
nodule contents are usually not found in sandy or well-drained soils, where high hydraulic 
conductivities and well-oxygenated conditions are inconsistent with the Eh/pH range and 
variability required for nodule initiation. Lack of SOM in these settings also discourages 
Fe-Mn concentration, inasmuch as microbially-mediated amorphous phases are often 
precursors to later mineral accretions (Schwertmann and Taylor, 1 989) 
Pedogenic Fe-Mn nodules have been found in numerous clay-rich paleo-Vertisols 
(Carboniferous - Joeckel, 1 995; Caudill et al., 1 996; Cretaceous - McSweeney and 
Fastovsky, 1 987; McCarthy et al., 1 999; Tertiary - Smith et al., 1 994). Two findings 
suggest little post-pedogenic alteration of Fe-Mn nodules in clay-rich paleosols: 1 )  Clay­
accumulation (argillic or Bt) horizons, within which most Fe-Mn nodules are found, 
experience minimal compaction during burial (Caudill et al., 1 997); 2) Thin-section 
morphology shows ancient Fe-Mn nodules to be very similar to their modern counterparts, 
including the accretionary growth patterns. Post-pedogenic transformations of goethite 
(FeOOH) to hematite (Fe2O3) occur during diagenetic, but for the most part, Fe is 
conserved. As they occur widely in modern clay-rich soils (i.e., Vertisols), where edaphic 
effects can easily be measured, it is reasonable to assume that comparison of ancient and 
modern Fe-Mn nodule geochemistry and morphology could provide insight about ancient 
environmental conditions. 
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1.4 Modern Analog Setting - The Texas Gulf Coastal Prairie 
1. 4.1 Geological Setting 
When developing models of pedogenesis, the influence of soil-fonning factors needs to be 
accounted for in a systematic way, in settings where all but one factor is held relatively 
constant. Such studies have been carried out in the past on chronosequences (time 
variable; Harden, 1 988; Langely-Turnbaugh and Bockheim, 1 998) found in many climatic 
zones. Climosequences (precipitation regime variable) are relatively rare, requiring a 
stable topographic position on a single parent material unit deposited contemporaneously 
across a significant area (Chadwick et al., 1 994). A Vertisol climosequence exists on the 
Gulf Coastal Prairie of Texas, where the exposed Pleistocene-age (35 ka) Beaumont 
Formation provides a large expanse of Vertisols across a precipitation gradient of 600 to 
1 600 mm MAP. Topography, time, and parent material can thus be considered "fixed". 
Compared to other soil types, biotic factors are not strongly implicated in developing 
characteristic features of Vertisols. The dominant factor is climate, which limits the range 
and variability of flora and fauna. 
The Beaumont Formation is a fluvio-deltaic complex derived from coalescing alluvial 
plains of several rivers flowing into the Gulf of Mexico (Fig. I -I ). It is the youngest 
Pleistocene unit of several coast-parallel depositional sequences that occur along the 
Texas coast, formed during Pleistocene glacio-eustatic sea-level changes (Doering, 1 956). 
Each of the Pleistocene sequences (Willis, Lissie and Beaumont) is bounded on top with 
an oxidized soil and older surfaces occur updip of more recent deposition, creating on 
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Figure 1 - 1 .  Modern Vertisol climosequence sampling locations designated by series 
and NRCS pedon number: 1 = League 245A; 2 = Lake Charles / a = 20 1 ,  b = 1 5 7, c = 
48 1 ;  3 = Laewest / a = 239, b = 469, c = 39 1 ;  4 = Victoria 409. 
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onlapping series of buried surfaces (Bernard and LeBlanc, 1 965). Blum and Price ( 1994) 
stated that within the Beaumont, numerous cross-cutting and/or superimposed valley fills 
occur within each broad alluvial realm, complicating stratigraphic continuity. Thus, the 
Beaumont is comprised of relatively older, stable interfluve terraces with multiple channel 
meanderbelts associated with each river, and pedologic age is dictated by the position 
relative to these features. Because they are distal depositional areas, meandering river bed 
loads mainly consists of silt- and clay-sized particles ( <62.5 µm and <4 µm, respectively), 
with occasional incursions of sands during storm events. The general age of the stable 
Beaumont deposits is around 35 ka (Birdseye and Aronow, 1 991), this time representing 
the end of the last interstadial (highstand) prior to the most recent glacial (Shackleton, 
1 988). 
The Texas Coastal Prairie is dominated by Vertisols. These soils dictate agricultural and 
construction practices by their physical properties, as the high clay contents tend to limit 
infiltration and disrupt building foundations and road surfaces with seasonal shrinking and 
swelling. Texas Vertisols are among the most well-studied soils in the world because they 
are agriculturally productive and they also underlie one of the United States largest cities, 
Houston (Newman, 1 986). The USDA-Natural Resource Conservation Service (NRCS) 
has extensively mapped these Vertisols, classifying them into standard orders using Soil 
Taxonomy (Soil Survey Staff, 1 998), a system which categorizes soil types by field 
characteristics and climatic setting. High-resolution soils maps (1  :24,000 scale) based on 
geologic maps, aerial photography, and soil sampling data have been published and 
1 8  
updated by NRCS. 
1. 4. 2  Climosequence Soil Series 
The Texas Vertisol climosequence is comprised of several named soil series, the highest 
level of U.S. Soil Taxonomy differentiation, which change characteristics with climate. 
Four soil series are of particular interest for determining climate impact on Vertisol 
pedogenesis in this study, as they straddle an important MAP boundary which has long 
been associated with a major shift in ecosystem and pedogenic characteristics. This series 
transition extends from humid regions in the east, across moist and dry sub-humid regions 
in the coastal bend into the semi-arid region to the south, crossing a classical, though 
somewhat outdated, pedogenic mapping boundary between "pedalfers" (forest soils with 
Fe-enriched horizons) and "pedocals" (prairie soils with carbonate-enriched horizons; 
Marbut, 1935; Jenny, 1 941b). Series names are (from wettest to driest): League, Lake 
Charles, Laewest, and Victoria (Table 1-1 ). Each soil series has characteristic 
morphological and geochemical characteristics which are the result of long-term external 
natural factors. Because each series tends to be found within a relatively narrow range of 
these pedogenic factors, with climate being the only significant variable in this case, series 
are good regional indicators of climatic inputs. 
This study utilizes internal and NRCS-generated code names for sampled climosequence 
pedons. Because these codes are used extensively throughout the study, Table 1-1 gives 
















































































































































































































































































































































































































































































































































































































































































































locations and climatic context. Detailed descriptions for each pedon included in this study 
are given in Table Al - 1 ,  along with NRCS pedon code number allowing access to more 
information within the NRCS database maintained on their internet 
website:www.statlab.iastate.edu/soils/. Generalized descriptions of the soil series are also 
available at that web site. 
1. 4. 3. Climatic Setting 
1 .4. 3. 1 Air and Soil Temperature 
The present day Texas Gulf Coastal Prairie climate is largely influenced by the interaction 
of the dominating warm, moist convective maritime tropical air masses of the Gulf of 
Mexico with incursions of continental air masses (Bomar, 1 995). Seasonal temperatures 
are relatively moderate, with daily highs ranging from 16.9-l 8.5°C in January to 32.4-
34. 70C in August (Table Al-2; all climate information derived from 100 years of daily 
temperature and precipitation data from nearest Class 1 meteorological recording station 
to sampling locations; National Climate Data Center, Asheville, NC). There is moderate 
diurnal variation between daily highs and lows (8- 12°C) and mean annual temperatures 
(MAT) range from 20. 1 -2 l .8°C, warming to the south. Figure 1 -2 shows seasonal 
temperature variations. Most years remain relatively frost-free, with only 1 5-40 days of 
frost occurring in the most extreme of years (Bomar, 1 995). Soil temperature is a direct 
function of ambient air temperature, as radiant heat is translated into soil profiles through 
direct conduction. The thermal diffusivity properties of most soils limits penetration of 
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Figure 1 -2 .  Composite daily temperature trends for all pedon locations. 
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1 994). Effective heat transfer is also dictated by profile hydraulic saturation, as the 
addition of water modifies the heat capacity. Wet soils heat more slowly, as radiant heat is 
utilized to evaporate soil water during the warming process. Thus, dry Vertisols receive 
and disperse heat somewhat differently than wet Vertisols, which amplifies physical and 
geochemical differences. 
1 . 4. 3.2 Precipitation 
Rainfall trends are the most important variable in the Texas Vertisol climosequence 
setting. The climosequence precipitation gradient within this study ranges from > 1 400 
mm in its northeastern extent to <900 mm in the south (Fig. 1 - 1  ), and pedon locations 
effectively span that range. The rainfall patterns are strongly and consistently bimodal 
(Fig. 1 -3, Table A l -3), reflecting the influence of drier continental air masses in spring and 
autumn. This seasonality is ameliorated in the easternmost areas of the climosequence, 
with the nearly constant onshore flow of tropical maritime air. Seasonality is most 
pronounced in the southern portion, where onshore flow is limited by the prevailing south­
to-north air currents carrying dry air from Mexico. This predominantly meridional pattern 
is only overridden by strong fronts in the spring and tropical storms in late summer/early 
autumn (Bomar, 1 995). 
Because of the high clay content of Vertisols, meteoric moisture uptake and retention are 
highly variable. There are changes in structural and hydraulic characteristics related to 
pore size distribution through which a Vertisol proceeds as it wets and dries (Yule and 
23 
1 60 �----- - - - - - -- - - - -� 






20 --'---- �---- -- --- �- --- -�-------' 







Lake Charles Series 
-- LAC 201 
- LAC 1 57 
LAC 48 1 
20 _L_---- -�--- -- --- - - -- --'=r-- - -' 
160 





- LAW 239 
- LAW 469 
40 LAW 391  
20 







20 _,__�-------- -- ----- ----- ------' 
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC 
Figure 1-3 .  Monthly precipitation trends for soil series and pedons. 
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Ritchie, 1 980). Initially, large cracks (macropores) formed during dry periods ( especially 
in summer, when evapotranspiration is greatest) serve as conduits to meteoric water as it 
initially infiltrates the profile until the clays associated with the macropore swell 
sufficiently to block the opening. Smaller pores close off more rapidly than large cracks, 
channeling water into the macropores. Once all macropores are effectively sealed by clay 
swelling, capillary action takes over and water infiltrates the clay matrix itself. This 
understandably takes longer, as unsaturated hydraulic conductivities can be as low as 1 o-s 
cm min- 1 in Ca-saturated, confined Vertisols at 0.2 g g- 1 water content (Kutilek, 1 973). 
Infiltration is retarded by macropore closure, meteoric water ponds on the soil surface, 
particularly in the microlow microtopographic positions, and is shed off of the microhighs. 
Thus, a Vertisol formed within a given MAP zone tends to behave as a soil in either a 
lower or higher MAP zone, depending on microtopographic position. Relative 
comparisons between climosequence V ertisol pedons have greater power if they are done 
on similar microtopographic positions. 
Seasonal moisture deficits have the most pronounced effect on the climosequence 
Vertisols, dictating the formation of authigenic mineral phases and morphological features 
(Dudal and Eswaran, 1 988). Measurements of moisture deficits usually involve 
estimations of radiant heat influx (based on daylength and solar incidence) and generalized 
advective loss through foliar transpiration. The Thornthwaite annual Potential 
Evapotranspiration (P-E) index (Thornthwaite and Mather, 1 955) is widely used for 
determining a baseline estimate of the seasonal soil-moisture status and is usually included 
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in the NRCS database entries for soil series. Long-term trends are more easily tracked 
within Thornthwaite indices than other estimators, because temperature and 
evapotranspiration (ETP) are both functions of net radiation and as such are autocorrelated 
(Rosenberg et al., 1 983). The P-E index is based on MAP minus estimated Etp, 
calculated as: 
( /  ) {N ) /l OT_)al 
ETP = 1 .6 12 Go \J (3) 
where /1 = actual day length (h), N = number of days in a month, TO = mean monthly air 
temperature (C0), and a1 is defined as: 
a1 = 6.75 X 1 0-713 - 7.71 X 10-512 + 1.79 X 10-21 + 0. 49 (4) 
where 1 is a heat index derived from 12 monthly index values, i, obtained from: 
. (L- )  u14 
z
= 5 (5) 
Each location has a Thomthwaite index value based on local climatological data. Seasonal 
moisture deficits for each pedon are estimated by subtracting calculated ET 
P 
from mean 
monthly precipitation (MMP; Table Al-3). Deficits are converted to positive value by 
subtracting the Thomthwaite index from zero, for ease of depiction. Figure 1 -4 shows 
the annual deficit patterns for the climosequence series. Obviously the deficits increase in 
magnitude from northeastern to southern locations along the coast. This climatic index 
can be used with geochemical data to constrain Vertisol response to climatic forcing, and 
to provide additional climatologic insight in paleoenvironmental conditions expressed in 
paleo-Vertisol geochemistry. 
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Figure 1 -4. Monthly estimated soil moisture deficits for soil series 
and pedons, calculated as 0-[mean monthly precipitation - Thbmthwaite 
evapotranspiration index (ETp)]. Deficits are depicted as positive values. 
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Another large-scale climatic consideration to incorporate into the discussion is the effect 
of glacio-eustatic sea-level changes over the past full-glacial/interglacial cycle. The 
pedons used in this study are all now within the influence of tropical maritime air masses 
originating from the Gulf of Mexico. But most Quaternary paleoenvironmental 
reconstructions suggest a sea level lowering of as much as 1 22 m during the greatest 
extent of Laurentide glacial advance (Fairbanks, 1989). This would cause the Gulf of 
Mexico coastline to recede nearly 80 km from present positions along most of the Texas 
coast. The influence of maritime air masses would thus be marginalized and a more 
continental type of climate would dominate the locations of the climosequence pedons 
during the full-glacial event ( ca. 1 8  - 20 ka). These air masses would be cooler and drier 
and would induce vegetation changes as well as affect pedogenesis, as was noted in 
isotopic vegetation/climate proxies (Miller, 2000). Also, late glacial pulses of meltwater 
into the Gulf of Mexico maintained the continental domination even as sea level was rising 
(Kennett and Shackleton, 1 974; Fairbanks, 1 989), such that the present-day climatic 
patterns were not established until well after meltback (Nordt et al., 1 994). 
Because the rainfall patterns are an important concept in determining the effect of climate 
on V ertisol pedogenesis, it is of interest to investigate these trends through modem proxy 
locations. Precipitation curves for one location, LAW 239, are shown in Figure 1 -5 .  The 
proxy curves were derived from precipitation from two stations assigned by coastal 
displacement vectors: 1 )  the sea-level regression proxy location was determined from 




'-' 1 20 




JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC 
-- mid-point 





Figure 1 -5. Monthly precipitation trends estimated for pedon 
LAW 239 (Jackson County, TX) based on data from proxy 
locations with respect to coastline proximity. 
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during the full-glacial; 2) the sea-level transgressive proxy location was the recording 
station closest to LAW 239 directly on the coastline. Differences in seasonal distribution 
is indicated but overall, the statistical differences in monthly rainfall amounts is not 
significant (P < 0.65). Thus, as soil-formation is an integrative process, it is assumed that 
the climosequence pedons will all contain a mutual signature of the sea-level regression, 
but it will not be significantly expressed in the gross morphology or inorganic geochemical 
trends. Drier conditions were induced by continental airmasses and induced dry-Vertisol 
type morphology and geochemistry during that earlier sea level regression, and evidence 
of these climate changes are preserved in some pedogenic features (i.e., pedogenic 
carbonate nodules; Miller, 2000). Although its usefulness may be limited in the paleo­
Vertisol interpretations, this climate shift may provide some additional insight into finer- . 
scale pedogenic geochemical shifts with depth. 
1.4. 4 Topography and Biota 
Topography and floral/fauna! communities exert some consideration in this study, 
although they are less influential than the other soil-forming factors already mentioned. 
The Beaumont Formation is a flat (0-1 % slope) landform dissected by several steeply 
embanked rivers. None of the locations sampled in the study had more than 1 % slope. 
Thus, in geomorphic terms, this is a cumulative landscape where sediment accumulation 
rates far exceed erosional removal (i.e., it is transport limited). This type of landscape 
promotes a soil system that has only minor geochemical denudation and dominantly 
closed-system, or diffusionally-controlled, dynamics (Stallard, 1 995). This reinforces the 
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hypothesis that inherent properties of the Texas climosequence Vertisols are more directly 
controlled by climate, particularly meteoric inputs (i.e., precipitation and dust), rather than 
by other soil-forming factors. 
The predominant physical processes affecting Vertisols tend to regulate biotic 
communities. Seasonal shrink-swell phenomena displace large volumes of soil along 
slickenside planes, hindering large root growth and permanent burrowing complexes. 
Seasonal moisture deficits requires biotic communities to be drought-tolerant (Dudal and 
Eswaran, 1 988). Vertisol plant communities all along the Texas climosequence transect 
are dominated by grasses, deciduous forbs and shrubs with diffuse rooting patterns that 
often penetrate into the solum along slickensides planes. The microtopographic 
differences in water status creates vegetational micro-communities, with microhighs 
usually having more drought-tolerant forbs and microlows containing more grasses and 
deeper-rooted moisture preferring forbs (Mermut et al., 1 996). This difference was noted 
throughout the climosequence and may be partially responsible for organic matter 
enrichment in microlow profiles, particularly in the mid-MAP Vertisols (Wilding et al., 
1990). 
Faunal communities in Vertisols are also affected by the physical processes which 
dominate pedogenic processes in these soils. In the wettest Texas climosequence 
Vertisols (MAP <1200 mm), crayfish (Fallicambarus devastator) krotovina (burrows) are 
particularly evident in the microlows. The influence of these vertically-oriented burrows, 
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typically 1 . 5  to 2.5 m in depth and 3-5 cm diameter, has not been well-documented in 
Vertisols, but it is obvious that they do impact the geochemical signature, bringing up 
reduced sediments from deeper in the profile and redistributing this material at the surface. 
Krotovina distribution ranged from 1 -2 to > 10  burrows m·2, increasing with higher MAP. 
In moderate MAP areas, ants are the most prevalent agent ofbioturbation, with fire ants 
(Solenopsis invicta, Solenopsis germinata) tending to build nests up to 0.5 m deep on the 
microhighs and transporting several dm3 of material to the surface annually (Weber, 1 966). 
Land snails (Helix spp.) are commonly found in the low MAP soil profiles, particularly in 
seasonal vertical cracks, but do not effectively disturb the solum. 
1.5 Goals, Hypotheses, and Objectives 
The principal goal of this study is primarily to develop a set of climate-sensitive 
geochemical parameters from the modem Vertisols climosequence that have the potential 
to be preserved in the geologic record and may be applicable to paleoclimatic studies of 
paleo-Vertisols such as those occurring in the Appalachian Foreland Basin. In this study, 
comparative systems for modem and paleo-Vertisols will involve only techniques that can 
translate faithfully between the two entities. Although pedological methods provide strong 
tools for understanding modem soil genesis, not all of these procedures can be used on 
lithified paleosols. The results of this dissertation is presented in three chapters 
summarized below: 
Chapter 2 exams strain indicator elements to assess the validity of comparisons made 
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between Vertisols formed on alluvial sequences. This assessment must be made to: 1 )  
determine a suitably consistent strain index element and 2) determine if discontinuities 
indicated by volumetric Zr contents represent a significant shift in parent material, or are 
expressions of pedogenic domains. This study examines both whole soil Ti and Zr 
geochemical data and separated rutile and zircon grain morphology from climosequence 
profiles, above and below identified discontinuities. 
Chapter 3 presents construction of mass-balance relationship trends from whole-soil 
geochemistry and comparison with precipitation regimes. Depth functions, correlative 
relationships, and regression models are presented. Ten elements are assessed: Al, Ca, Fe, 
K, Mg, Mn, P, rubidium (Rb), Si, and Sr (strontium), each with some significant role and 
behavior in Vertisol pedogenesis. Assessment includes examination of geochemical losses 
and accumulations with depth, amplitude of those patterns, and variability between 
microtopographic positions. Determining if a meaningful depth-to-carbonate relationship 
can be derived from the climosequence Vertisols is a critical aspect of this portion of the 
study. 
Chapter 4 presents an examination of Fe-Mn nodule geochemistry to determine if a proxy 
paleoprecipitation model can be derived from elemental composition. Nodules from 
modem climosequence Vertisols are used to define a correlative relationship from which a 
predictive equation can be derived. Paleoprecipitation estimates for the paelsols are made 
based on paleosol Fe-Mn nodule elemental content and the derived equation. 
33 
Paleoprecipitation estimates for the Pennington Formation upper paleosol, a relatively 
uneroded sequence (Caudill et al., 1 996) are determined using both Fe-Mn nodule 
composition and depth to pedogenic carbonate curve from the modern setting. This 
comparison proves the applicability and validity of geochemical trend models derived 
from modern analog Vertisols to the paleo-Vertisol record. 
Manuscripts derived from the chapters are in submission to or have been accepted by the 
following journals: 
Chapter two: Evaluating Strain Indicators and Pedogenic Thresholds in Vertisols from the 
Upper Beaumont Formation, Gulf Coastal Plain, Texas - to be submitted to Geoderma. 
Chapter three: Mass Balance Relationships in Vertisol Climosequence Profiles Derived 
from the Upper Beaumont Formation, Gulf Coastal Plain, Texas - to be submitted to 
Geoderma. 
Chapter four: Pedogenic Iron-Manganese Nodules in Vertisols: A New Proxy for 
Paleoprecipitation? - accepted by Geology, to be published October, 2001 . 
34 
Chapter 2 
Evaluating Strain Indicators and Pedogenic Thresholds in Vertisols from the Upper 
Beaumont Formation, Gulf Coastal Plain, Texas 
2.1 Abstract 
Eight Vertiso ls pedons formed in a c limosequence on the Upper Beaumont Formation of 
the Te xas Gu lf Coa sta l P lain show compositiona l  di fferences ( litho logic discontinuities ) at 
80-260 cm depth based on signi fic ant shifts in vo lumetric zirconium ( Zr )  content. 
Titanium ( Ti )  contents do not shi ft corre lati ve ly across discontinuities , suggesting that 
different processes dictate Ti and Zr con tent and distribution in these Ver tiso ls. The 
depths of the discontinuities are not direct ly re lated to the mean annu al precipitation 
( MAP )  regime , but are a comp lex function of or igin al sediment composition and physico ­
chemica l processes. The discontinuities are considered to be functiona l boundaries (i.e ., 
pedogen ic thresho lds ) between open -system pedogenesis and more c losed-system 
hydrogeochemica l weathering. Zirconium contents are positi ve ly corre lated to sand 
weight percent ( r' = 0.65 **), whereas Ti is not corre lated to any par ticu lar size fraction. 
Sca nning e lectron microscopy of indi vidua l very- fine sand-sized ( vfs ,  125 - 62.5 µm) 
zircon and r uti le grains shows that zircons ha ve been physica lly damaged by e xtensive 
transport, whereas r uti le grains were hydrochemica lly weathered .  Individua l grains are 
s light ly more weathered at shal low depths , but no statist ica l difference in o vera ll grain 
morpho logy can be discerned across the discontinuity, suggesting uniform sedimentation 
processes . Si gni ficant morpho logica l di fferences between grain popu lations from 
contrasting MAP regimes can be at tributed to both sediment sources and weathering 
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intensity. Pro file vo lume loss /gain (i.e., soi l strain , E), ca lcu lated assuming either Zr or Ti 
immobi le, are corre lative ( r2 = 0 .83***), with Ezr near ly four times greater than ETi" 
With in individua l hor izons, mean Ezr va lues are re lative ly extreme considering the 
compara ble nature of c lay-r ich Vertiso ls and their parent a lluvia l sediment . Th is is due 
prima rily to enrichment of vo lumetr ic Zr and sand contents a bove the functiona l boundary. 
Despite the hydrogeochemica l sta bi lity of zircon, its physica l mobi lity and association with 
sand incursions in Ver tiso ls prec ludes its use as an immobi le stra in indicator in these soi ls. 
Tit an ium, despite evidence of primary minera l de gradation, is conserved w it hin weathering 
c lay-r ich profiles and is better-suited as a c losed-system stra in indicator in determining 
mobi le e lementa l trans location . 
2.2 Introduction 
Soi ls record the environmenta l conditions in wh ich they form as the resu lt of physico ­
chemica l a lterations that are faci litated by pedogenic fluxes over t ime. Simi lar ly, pa leoso ls 
(i .e ., fossi l soi ls) contain geochemica l si gnatures of their past formationa l environments. 
These signatures c an  be discerned by comparison w ith modem ana log soi ls ( Driese et a l., 
2000) using chemica l mass-ba lance re lationsh ips (Br imha ll et a l., 1985 ; Br imha ll and 
Dietrich, 1987; Br imha ll et a l., 1988, 1991 a & b ). Mass -ba lance ca lcu lations determine 
the open-system geochemica l behavior of a mobi le e lement (trans location, 1'; Eq. 1) by 
assess ing loss or ga in of that e lement at a depth re lative to parent materia l content. The 
trans location equation inc ludes a term for c losed-system vo lume loss /gain or stra in ( E; Eq . 
2). S tra in is determ ined by using an "immobi le " stra in indicator e lement that behaves 
36 
conservatively within a weathering profile, usually titanium (Ti) or zirconium (Zr). The 
pertinent equations are: 
't;_w = [(pwC;_)ppC;_p)(E;,w + 1 )]-1  
E;_w = (ppC;.)pwC;.J - 1 
( 1 )  
(2) 
where 't;_w is the translocation index, p is bulk density inp (unweathered parent material) 
or w (weathered material), C is the concentration of element i, and E;,w is strain in terms of 
immobile element i. 
Estimation of strain in weathered material is fairly straightforward in any system where 
initial parent composition is known (i.e., from relatively unweathered regolith). Mass­
balance studies of chrono/climosequences derived from volcanic lava flows (Vitousek et . 
al. , 1 997; Kurtz et al., 2000), marine terraces (Merri ts et al. ,  1 99 1  ), and loess-sequences 
(Langley-Turnbaugh and Bockheim, 1 998; Mason and Jacobs, 1 998) have satisfactorily 
demonstrated the relationship between the intensity of various soil-forming factors and 
translocation. Nieuenhuyse and van Breeman ( 1997) pointed out that these monolithic 
conditions are rarely satisfied, as most weathering surfaces are composed of complex and 
heterogeneous deposits that become welded and obscured through pedogenesis (sensu 
Ruhe and Olson, 1 980). In heterogenous parent materials, Ti and Zr compositions may 
also be a tool to decipher lateral lithologic differences as well as weathering intensity 
(Sommer et al. , 2000). Weathering of alluvium, where complex sedimentation patterns 
produces great spatial variability (Asian and Autin, 1 998), introduces additional problems, 
including resolving the parent material geochemistry and the most appropriate choice of 
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strain indicator. Many pre-Quaternary paleosols have been identified in fluvio-deltaic 
successions comprised of complex sediment accumulations, emphasizing the need for 
clarification of the behavior of "immobile" elements in modern analog profiles. 
2. 2. 1 The "Immobile " Elements 
The relatively insoluble nature of primary minerals that concentrate strain indicator 
elements, such as zircon (ZrSiO4) and rutile/anatase (TiO2 ; Marshall and Haseman, 1942; 
Jackson and Sherman, 1 953), dictates their use as indicators of profile development. 
These minerals are, in theory, residually enriched relative to translocated elements released 
from soluble mineral phases in leached zones in the profiles, and depleted relative to 
secondary accumulation phases. However, "insoluble" is not synonymous with 
"immobile". In alluvial settings, resistant minerals have often gone through several 
periods of transport, reducing grain size and increasing their effective physical 
transportability from source rocks within drainage basins (Marshall, 1 967), and their 
occurrence and abundance are typically less a function of weathering than of differential 
deposition. Brimhall et al. (1993) examined individual zircon grains from a lateritic 
residuum and found distinct morphological and geochemical populations arising from both 
detrital and exotic sources. Euhedral grains were derived from local gneiss, whereas 
rounded grains were derived from much older, downwind sources, possibly as far away as 
the Asian continent. Most transported grains were determined to be robust single crystals, 
possibly recycled through numerous weathering and transport cycles. Colin et al. (1 993) 
found that zircons are highly mobile in the rooting zone of lateritic soils in coastal Gabon, 
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Africa. Here, as in Brimhall et al. (1 993), two grain morphologies were identified from 
scanning electron microscopy (SEM) examination: euhedral (local source) and rounded, 
degraded (transported and reworked). Smeck and Wilding (1 980) described similar 
morphologies in glacial deposits in Ohio and suggested that a careful preliminary 
micromorphological examination of zircons should be carried out prior to interpretations 
of profile polygenesis. 
2.2.2 Defining Functional Boundaries in Deep Soil Profiles 
The actual depth of pedogenic influence is a contentious issue (Richter and Markewitz, 
1 995) and has important implications for understanding pedogenesis using mass-balance 
relationships. The USDA-Natural Resource Conservation Service (NRCS) typically uses 
only the top meter of a soil as the control section for taxonomic purposes, limiting 
differentiation of soil types to processes that occur within the shallow, active portion of a 
weathering profile (Soil Survey Staff, 1 998). Thus, a great deal of information exists 
about pedogenesis to this depth, but there tends to be a dearth of information about 
subjacent strata between the bottom of the control section and the unweathered bedrock 
(Cremeens et al., 1 994). The influence of weathering and pedogenesis may be so great 
that the resulting soil mantle scarcely resembles the parent lithology ( e.g. Vertisols derived 
from basalt; Eswaran and Bin, 1978). The textural composition and mineralogy of soils 
change as they age, even if they are derived from relatively uniform parent material. The 
term "lithologic discontinuity " is used by field pedologists to describe a distinct change in 
particle-size distribution, grain morphology, lithologic composition, and/or color, but no 
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firm criteria have been established, other than there is some obvious difference between 
super- and subjacent horizons (Soil Survey Staff, 1 998). As more information becomes 
available about regolith and saprolite geochemical composition, it is not certain if this term 
describes an actual difference in lithology (i.e., mantled soils) rather than a difference in 
gross processes. 
As rock weathers and loses volume, resistant mineral grains such as zircon remain behind 
and are witness to pedogenic processing. Compositional differences in Zr and Ti are often 
used to differentiate strata in soils, particularly in cumulative systems such as loess 
sequences (Ruhe, 1 984 ). However, bulk contents of these elements can be confounded by 
penecontemporaneous weathering and accumulation. A lateritic bauxite (Jarrahdale, 
Western Australia) initially interpreted to contain a sedimentologic discontinuity was 
reinterpreted by Brimhall et al. (1991a), based on zircon grain morphology as a single 
biomechanical unit subdivided into two functional layers. The upper layer was dominated 
by bioturbation and downward translocation of authigenic and exotic materials, whereas 
low permeability in the lower layer limits invasive translocation. The transition zone 
(translocation crossover or "TCO "; Brimhall et al., 1 991 a) in these "old " soils (> 1 Ma) 
occurs at around 3 . 5  m depth, predictably shallowing in younger soils. Thus, within the 
upper (superactive) zone, exotic additions and physical relocations of mineral grains are 
the rule rather than the exception. Any mineral carried onto, and eventually into a profile, 
will enrich the relative constituent geochemistry of that zone. The subactive zone, 
dominated by volume loss, closed-system geochemistry, and pronounced slowing of 
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mineral degradation, is still affected by pedogenesis, but is much less likely to experience 
gross alterations, retaining a geochemical signature relatively close to that of parent 
sediments. In this paper, the term "functional boundary " is used to denote compositional 
differences due to multiple processes in the weathering profiles. This allows for greater 
interpretive latitude with regards to the essential nature of this boundary, be it pedogenic 
or an actual sedimentologic difference. 
In a transport limited system, such as the Texas Vertisol climosequence, where low relief 
limits erosion and chemical denudation, functional boundary depths are expected to be in 
equilibrium with long-term climatic influences (precipitation patterns) and matrix physical 
characteristics, primarily dictated by texture. Because strain indicator elements reside 
within detrital minerals in a soil column subject to physical and chemical processes, the 
assignment of immobile strain element must take into consideration the physico-chemical 
nature of the matrix. Because Zr is found almost exclusively in zircon, small additions of 
zircon to a clay-rich soil column can drastically change total Zr weight percentage 
(Brooks, 1 969) and can significantly skew weight percentages of that element within 
depleted matrices. Titanium-bearing minerals, on the other hand, may experience chemical 
degradation and secondary mineral phase incorporation (for review, see Milnes and 
Fitzpatrick, 1 989). Titanium is commonly found replacing iron (Fe) in hydrous Fe 
oxyhydroxide phases, particularly in finer-textured soils, leading to the "leucoxene " -
weathering phase assemblage (Stage 1 3) described by Jackson and Sherman (1 953). 
Thus, the choice of an "immobile " element in a weathering profile must be approached 
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with caution and consideration for the nature of the matrix and environmental setting. 
2.2.3 Objectives and Applications to Paleo-Vertisols 
Paleozoic age paleo-Vertisols found in the Appalachian foreland basin usually display a 
"stacked ", polygenetic nature, where multiple generations ofVertisols have formed from 
fluvio-deltaic alluvial sequences (Mora and Driese, 1 999). Mass-balance relations derived 
from geochemical data from the paleo-Vertisols have used Ti as the strain indicator 
element of choice, based on observations that this element tends to act most 
conservatively in the clay-texture profiles (Driese et al., 2000). Within the paleo­
Vertisols, there is a suspicion that Zr may over-represent volume loss in Vertisol systems 
which are, in fact, fairly resistant to overburden compaction compared to non-pedogenic 
shales (Caudill et al., 1 997). Using the Texas Vertisol climosequence as the modem 
analog for passive margin Paleozoic paleo-Vertisols, clarification of the behavior of Ti and 
Zr will contribute to better understanding and justification of comparative mass-balance 
trends. 
With this in mind, the primary objectives of this study are to: 1 )  delineate Ti and Zr 
compositional differences with depth; 2) determine FB depths in the pedons, and 3) assess 
if the compositional and textural differences between the superactive, or upper, unit and 
subactive, or lower unit are due to the intensity of processes experienced by the soils or 
actual lithologic differences within profiles. Morphological surveys and statistical 
comparison of particle size and compositional trends are used to develop an interpretive 
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Vertisol pedogenesis model based on functional boundary characteristics and to augment 
considerations for choice of strain indicator for mass-balance relationships in fine-textured 
soils. 
2.3 Materials and Methods 
2. 3.1 Geographic Setting and Sampling 
The setting for this investigation was described in Chapter 1 (Fig.1 - 1  ). Samples for this 
investigation were recovered from large soil pits (2m wide, 3-5m long) excavated at each 
site, transecting microtopographic features peculiar to Vertisols (Lynn and Williams, 
1 992), herein referred to as microhighs and microlows. Bulk soil samples from 
microtopographic pairs were collected at 10  cm intervals from the surface to the base of 
each pit for geochemical analysis, and from each pedogenic horizon for bulk density 
measurement. 
2.3.2 Analytical Methods 
Whole soil samples were oven-dried at 60°C, ground in a shatterbox, and pelleted for bulk 
geochemical analysis using X-ray fluorescence (EG&G ORTEC TEF A III, Singer and 
Janitsky, 1 986; data in Table A2-1 ). Precision for TiO2 and Zr is 0.01 wt % and 23 ppm, 
respectively. Bulk density was determined by the paraffin-coated air-dried clod method 
(Blake and Hartge, 1 986). Because significant carbonate content can lower the composite 
sample weight, elemental weight percentages were corrected for carbonate content 
dilution prior to mass-balance calculations (modified from Soil Survey Staff, 1 99 5). 
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Carbonate correction factors (CCF; Table A2-2) were determined by the following 
stepwise calculation: 
1 )  Background CaO wt % was determined in micro low positions as an average of CaO wt 
% in intervals within the depth of effective leaching. This value was then subtracted from 
CaO wt % for each depth interval of all profiles. Any difference <O was assumed to have 
a CCF of 1 .00. 
2) CaO wt % was converted to Ca wt % by multiplying by 0.71 , and if the depth interval 
contained any sulfur (S), S wt % was subtracted from Ca wt % to account for gypsum. 
The Ca wt % difference was converted to carbonate equivalent wt % by multiplying by 
1 . 50. 
3) The final CCF is determined as (100% + carbonate wt %)/100%. All elements are then 
multiplied by CCF for the corrected elemental values (Table A2-3). Multiplying the wt % 
by bulk density (Table A2-4) allows for direct volumetric comparisons as the first step in 
strain calculation (Table A2-5). Particle size analysis was carried out at the National Soil 
Survey Laboratory in Lincoln, Nebraska, using the pipet method (Gee and Bauder, 1 986; 
Table A2-6). NRCS data for these soils are available to the public at the National Soils 
Laboratory website at www.iastate.statlab/soils under the NRCS field pedon code listed 
with each profile in Table Al -1 . Thin sections were prepared from oriented clods using 
resin impregnation and described using terminology of Brewer (1964) and Bullock et al. 
(1 985). 
Heavy mineral grains were separated from very fine sand fractions (125 - 62.5 µm) above 
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and below the functional boundary in all microlow profiles using sodium metatungstate 
(SOMETU-USA, Sherman Oaks, CA). Zircon and rutile grains were initially separated 
from heavy mineral populations using relative relief under the binocular scope, and then 
from each other using difference in refractive index (zircon: 1 .92-1 .96, rutile: 2.61;  
Refractive Index Oil at 2.1 1 ,  Cargille, Inc., West Chester, PA). At least twenty-five grains 
from each sample were mounted and examined using a Hitachi S-3500 N scanning 
electron microscope to produce digital images of each grain. Digital images were then 
visually surveyed for various surface features, as described by Darmody (1985) and Tejan­
Kella et al. (1991 ). 
2.4 Results 
2. 4.1 Bulk Geochemical Analysis 
2. 4. 1 . 1  Boundary Delineation 
Initial bulk geochemical analyses revealed notable changes in the relative volumetric 
composition of Ti and Zr (shown as the Ti:Zr ratio in Fig. 2-1 )  at depth. Trends in 
Micro low profiles (Fig. 2-1 )  show inflections in the ratios at depths between 1 60 - 260 cm 
depth, with minor inflections in some profiles at 80-1 00 cm, which appear to represent FB. 
The depths of inflection cannot be strictly ascribed to climate, as the shallowest inflections 
occur within soils formed in the intermediate precipitation range (1000-1200 mm MAP) of 
the climosequence. Above the boundary, Ti:Zr ratios are predominantly invariant with 
depth and ratios have no clear relationship with MAP. Tukey's w procedure using 
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Figure 2- 1. Identification of the functional boundary depth in micro low 
pedons indicated by shifts in Ti:Zr. Series abbreviations: League = LEG, 
Lake Charles = LAC, Laewest = LAW, and Victoria = VIC. 
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determine the functional boundary depth between the upper and lower units (Table 2-1 
and Table A2-6). Mean volumetric contents of the two elements show that Ti contents do 
not vary greatly between upper and lower units (-4.7 to -31 .6%), confirmed by the mean 
separation and least significant difference (LSD) values shown in Table 2-1 . Only the 
wettest Laewest profile (LAW 239) showed significance at P � 0.025, possibly due to 
proximity to the Colorado River terrace sequences and susceptibility to fresh parent 
material accumulations. However, Zr differences vary from -75. 5 to -239.3% between 
the upper and lower units and are all statistically significant at P < 0.001 (Table 2-1 ). 
This pervasive difference could be caused either by: 1 )  a regional sedimentological 
discontinuity, or 2) differences in pedogenic regime, whereby the upper portion of the 
profile is more intensely influenced by open-system physico-chemical dynamics, and the 
lower portion is more influenced by closed-system hydrogeochemical fluxes, similar to the 
model presented in Brimhall et al. (1991a). 
2.4.1 .2 Ratio Trends 
Ratio-element trends for Ti and Zr (Fig. 2-2) show that Zr is the more influential element 
within the pairing. Titanium (Fig. 2-2, A-D) is relatively insensitive to increases in the 
Ti:Zr ratio, even across the functional boundary, although pedon differences in overall 
elemental content have discrete groupings, particularly in the Laewest series. Systematic 
increases in Zr with increasing Zr:Ti in all series (Fig. 2-2, E-H) indicate that the behavior 
of Zr largely determines variability. Volumetric Zr content in the lower unit is less than 
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Figure 2-2. Element (volumetric content) to ratio comparisons of Ti and Zr from 
different soil series. League (A&E), Lake Charles (B&F), Laewest (C&G), and 
Victoria (D & H). Light symbols represent upper unit values, dark symbols 
represent lower unit values, different symbols represent pedons within each series. 
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Differences in Ti and Zr contents are noted between as well as within profiles (Table 2- 1,  
Tables A2-7&8). These differences are most likely due to slightly varying sediment 
sources in the individual river basins which transect the climosequence. Differences in 
heavy mineral compositions of Texas Gulf Coast river sediments are actually diverse 
enough to have been used in G ulf of Mexico sand provenance studies (sensu Van Andel 
and Poole, 1 960). Table 2-2 lists rivers in the vicinity of sampling sites, upstream source 
lithology in respective drainage basins, and a relative of the Ti:Zr ratio above and below 
the functional boundary. Pedons in the transitional semi-arid precipitation zone (MAP 
1000-1 1 00 mm) have relative Ti:Zr ratios that are always lower in pedogenic units above 
the functional boundary than units below it (Table 2-2). These pedons are more likely to 
have experienced episodic aeolian accumulations during drought periods. Pedons in drier 
areas (LAW 391 and VIC 409) have experienced continuous dust inputs and lower 
weathering rates, and thus show attenuated variations in Zr with depth. Pedons in �e 
wetter regimes (League and Lake Charles profiles) have weathering rates that exceed the 
rate of aeolian influx and will show similar attenuated variation in Zr content. 
2. 4.2 Particle Size Distribution and Component Comparisons 
The sand component of these fine-textured soils is an important contributor to the 
observed functional trends. Climosequence Vertisol pedons are fine-textured, with clay 
contents of 35.8 - 72.6 weight % (Fig. 2-3). Sand contents are highest in the Victoria and 
drier Laewest pedons. In the profiles, soil textures tend to coarsen upward and are 
significantly finer below the functional boundary (Fig. 2-3, filled symbols). 
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Table 2-2 Pedon alluvium source lithologies and relative Ti:Zr in upper and lower units. 
Pedons Relative Ti:Zr in soils 
River influenced Source lithology 
I uua LU 
Neches LEG 245A Paleogene marine sedimentary Medium Medium 
Trinity LAC 201  Paleogene marine / Neogene Medium Medium 
continental sedimentary 
Brazos LAC 1 57, 48 1 Cretaceous I Paleogene marine High High 
sedimentary 
Paleogene / Ordovician marine 
Colorado LAW 239 sedimentary Medium High 
Precambrian metavolcanics 
Guadalupe LAW 469 Cretaceous I Paleogene marine Low Medium 
sedimentary 
Aransas LAW 39 1  Cretaceous I Paleogene / Neogene Medium Medium 
marine sedimentary 
Cretaceous I Paleogene marine 
Nueches VIC 409 sedimentary Very Low Very Low 
Paleogene volcanics 
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Figure 2-3. Particle size distribution and textural classification of climosequence 
micro low pedon horizons. Open symbols represent textures prevalent above 
the functional boundary, closed symbols represent textures below the functional 
boundary. Soil series abbreviations are defined in Fig. 2-1 .  
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Micromorphologic differences across the boundary are pronounced between the upper 
and lower units (Fig. 2-4). Quartz sand grains above the boundary in both pedons have 
similar morphology and abundance (Fig. 2-4, A & C). Similarly, there are significantly 
fewer large grains in lower units of both pedons (Fig. 2-4, B & D). 
Volumetric Zr contents are plotted against sand content in Fig. 2-5, and show significant 
correlation in all profiles. Regression analysis of series show positively correlated 
relationships with -?- values from 0.56 - 0.82 (P < 0.001 ). The slopes of series regressions 
are steepest at the MAP extremes (i.e. League and Victoria series), indicating a significant 
increase of Zr, most likely present in zircon, with little additional sand. Thus, the primary 
compositions of sand fractions in the Lake Charles and Laewest series may be more silica­
rich than sands found within League and Victoria, indicating some inter-series sediment 
source variability within the Texas climosequence. 
When Ti is plotted against sand content in the microlow pedons, undifferentiated by series 
(Fig. 2-6), although there is a weakly negative correlation. The correlation coefficient (-?­
= 0.18, P < 0.001 ) is not significant in this regression. The overall regression of Zr with 
sand, however, has a significant correlation of-? = 0.65 (P = 0.023), with the relationship 
defined by the following regression equation: volumetric Zr content = 0. 3468 + 0.0560 
sand separate wt %. This suggests that there is a minor Zr component (0. 3468 mg cm·3) 
in the fine-earth components (silt and clay) and that approximately 0.1 1  wt¾ of the sand 
component is zircon. As most sand occurs in the upper portion of the profile, this 
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Figure 2-4. Photomicrographs of textural contrasts across the functional boundaries in 
two pedons. A: Lake Charles 201 Bss2 (43-72 cm depth); B: Lake Charles 201 B'ss3 
(245-265 cm depth); C: Laewest 469 Bss3 (74-1 1 8  cm depth); D: Laewest 469 B'kss2 
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Figure 2-5. Separated regression analyses of sand content versus 
volumetric Zr content by soil series. Significance designated as: 
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Figure 2-6_ Linear regression relationship between sand content 
and volumetric Ti and Zr content in microlow pedons, undifferent­
iated by series. Significance designated as: ns = not significant and 
** p �  97.5%. 
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strongly suggests that sand-sized zircon is significant in the upper portion of the 
weathering profiles in the climosequence. The weak, but negative, correlation between Ti 
content and sand indicates that Ti does not commonly occur in the sand-sized fraction, or 
may have been preferentially removed. The high value of the y-intercept coefficient in the 
Ti regression equation relative to mean profile Ti compositions (9.3941  compared to 
5.4759-10.4727 mg cm·3; Table 2- 1)  indicates that most of the Ti occurs in finer texture 
components. 
2. 4. 3 Qualitative Analysis of Surface Microfeatures 
Surface features of rutile and zircon grains were assessed by SEM. The features were 
categorized as either being influenced by: 1 )  physical processing suggestive of transport, 
or 2) weathering / hydrogeochemical degradation (Table 2-3, Table A2-9). Rutiles 
showed more evidence of hydrogeochemical alteration (82-98% in the upper unit, 58 -
95% in the lower unit; Fig.2-7: B, F; Table 2-4 ) and zircons were physically damaged by 
transport reworking (58 - 83% in the upper unit, 57 - 73% in the lower unit; Figure 2-
7:A,C; Table 2-4). Grain-frosting and rounding, which attest to long-term aeolian 
transport, are evident in the driest profiles (Victoria and dry Laewest series, Fig. 2-7: C, 
D), again particularly in the upper unit, although differences in transport features are not 
as great as those suggesting hydrogeochemical weathering (Fig. 2-7: B, F). The presence 
of occasional euhedral zircons in the upper unit of non-volcanic source basin pedons, such 
as in Lake Charles 481 (Fig. 2-7:E), strongly suggests external additions from 
volcanigenic lithologies to the south-southwest (Table 2-2). 
57 
Table 2-3. Sur face fea ture charac ter is tics assessed in SEM sur vey of ind iv idual very fine 
sand -s ized r utile and z ircon gra ins. 
Hydrogeochem ica l al tera tion 
Dissolu tion and chemical edge at tr ition 
Sur face roughness or scal ing 
Or ien ted or r andom e tch p its 
Ph ys ical transport and rewor king 
Concho idal fracture /brea kage bloc ks /  
v-shaped p its (percuss ion mar ks) 
Ha irl ine cracks 
Rounded gra ins , subdued edges , and 
fros ting 
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Figure 2-7. Photomicrographs of characteristic very fine sand-sized rutile and zircon 
grains. A: zircon, League 230 cm depth; B :  rutile, League 230 cm depth; C: zircon 
Victoria 30  cm depth; D: rutile, Victoria 30 cm depth; E: zircon, Lake Charles 48 1  30 
cm depth; F:  rutile, Lake Charles 48 1  30 cm depth. Scale shown in lower right hand 
corner of each frame. 
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S ta tis tica l ana lyses and mean separa tion ca tegoriza tion for di fferences in percen t of grains 
having a par ticu lar morpho logy be tween upper and lower uni ts ( Tab les 2-4 and A2- 10 ) 
and be tween la tera lly "adjacen t" pedons ( Tab les 2-5 and A2 -1 1 )  a llows for three ­
dimensiona l interpre ti ve comparisons across the c li mosequence . A lphabe tica l Duncan 's 
least signific an t  di fference ( LS D )  ca tegories were se t a t  P < 0.00 1 for maximum 
compara tive power and le tters indica te di fferences be tween ver tica l uni ts or adjacen t 
pedons were higher th an the 99% variance a llowance , and there fore c an  be considered to 
be separate pedo functiona l groups . The S tuden t's t-test probabi li ties indica te that  o vera ll 
di fferences be tween the upper uni t and lower uni t for both minera ls and func tiona l 
ca tegories were not si gnificant  ( Tab le 2-4 ), a lthough the separations by ca tegory (i .e ., 
hydroche mica l or physica l) and overa ll means of morpho logica l expression suggest tha t 
more hydrogeoche mica l a lteration occurs in the upper uni t of each profi le ,  par ticu lar ly in 
profi les from wet se ttings ( League and Lake Char les ser ies ). Differences in the gra in 
morpho logy expressed la tera lly (i .e., across pedons ) in the upper uni t ( Tab le 2-5 ) are more 
comp lica ted than var ia tions noted within the pedons the mse lves , re flec ting the in fluence of 
parent ma ter ia l  deposi tiona l his tory, in addi tion to pedogenic e ffects . Howe ver , the 
number of si gni ficant separa tion ca tegories sugges t that  processes expressed by both ruti le 
and zircon have funda menta l di fferences. Ruti le grains ha ve four divisions resu lting from 
hydrogeochemica l a ltera tion that  correspond we ll wi th MAP regime (a :> 1300 mm, 
b :  1300- 1000 mm , c :  1000-900 mm , d :  <900 mm). Z ircons a lso show th is trend , but the 
divisions are a t  re la ti ve ly sha llower depth, attributed to their higher wea thering resis tance . 
Latera l (be tween pedon ) morpho logica l differences re la ted to physica l transpor t in both 
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Table 2-4. Least significant difference profile groupings based on SEM survey 
characteristics differences between the upper and lower units. 
Hydro geochemical Physical transport 
Pedon Rutiles Zircons Rutiles Zircons 
LEG 245A aa a a a 
LAC 201 a a b b 
LAC 481 a b b C 
LAW 469 a b b C 
LAW 391 a b b C 
VIC 409 b b C d ·------------------ ----------------------------- ------------------------------
Overall means 
( %  - Ult / LU) 9 1 . 4  / 84.7 22. 3 I 1 7.8 52.9 I 52. 1 70. 5 I 65. 4  
Student's t 
probability 0.78 nsc 0. 31 ns 0.30 ns 0.41 ns 
a Letters designate statistically separate categories at P :-; 0.00 1 determined by Duncan's lsd 
h UlJ = Upper unit, LU = Lower unit 
c Difference not significant, with larger probability indicating greater similarity between overall unit 
means 
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Table 2-5. Least significant difference profile groupings based on SEM survey 
characteristic contrasts between upper units of adjacent pedons. 
Hydrogeochemical Physical transport 
Pedon Rutiles I Zircons Rutiles I Zircons I I 





LAC 201 I b b I ab a 
I I 




LAW 469 b I b cd I 
I I 
C 




VIC 409 d I d I 
I 
e I e 
a Letters designate statistically separate categories at P :-::::0.00 1 determined by Duncan's lsd 
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rutile and zircon fall into similar statistical categories, which may reflect lateral contiguity 
of parent sediment deposition. Both rutiles and zircons have one category overlap 
occurrence that does not match with the other, LAW 469 and LAC 201 ,  respectively. 
Both of these locations are in MAP "boundary " settings, LAW 469 at 1 000 mm MAP and 
LAC at 1 321 mm MAP, which may account for their marginal behavior and dual 
classifications. 
2.5 Discussion 
What is causing the pronounced shifts in Ti and Zr content with depth? There is an 
obvious difference in morphological and rnicromorphological characteristics between the 
material occurring above and below the functional boundary. Does this difference indicate 
a lithologic discontinuity, a regional scale depositional event prior to pedogenesis of the 
upper unit, or does the functional boundary indicate a change in physicochemical 
pedogenic inputs? Zirconium content alone seems to be dictating shifts in the Ti:Zr ratio 
in all profiles and the SEM survey demonstrates contrasting pedogenic influences on r utile 
and zircon. Yet there is no statistically significant difference between features from the 
upper and lower units, which counter-indicates a depositional sequence variation. As the 
Gulf of Mexico Basin subsides under increasing sediment load, the marginal fluvio-deltaic 
deposits which comprise the Texas Gulf Coast may be depositing coarser material over the 
finer-textured ( clayey) deposits within a complex glacio-eustatic retrogradational 
sequence. However, thicknesses of the upper unit in the Vertisol profiles (1 .6 - 2.6m), the 
relatively advanced morphological maturity, and temporal limitations make a major 
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depositional change an unlikely scenario in this relatively low-energy depositional setting. 
2.5.1 Discerning Pedogenic Processes 
The climosequence Vertisols are exposed to different levels of physical and geochemical 
pedogenic processes and the Functional boundary acts as an indicator of relative influence 
and intensities of these processes. The upper and lower units are essentially parts of a 
whole, with the upper unit acting as an open-system, superactive domain, where 
pedogenesis is dominated by external inputs. The lower unit also responds to external 
influences, but in an attenuated fashion, moderated by microporosity and groundwater 
dynamics. Vertisols are remarkable for their expressions of physical processing, with 
characteristic slickensides and microtopographic differentiation generated and maintained 
by seasonal shrink-swell mechanisms (Lynn and Williams, 1 992). Seasonal cracking, 
which occurs more frequently within microlows, tends to obliterate depth trends down to 
the depth of cracking (Wilding et al., 1 990), creating a solum responsive to meteoric 
inputs. Microhighs tend to act not only as foci for upward physical material transport, but 
also as evaporative conduits for soluble phases (Newman, 1 986). Although depth trends 
in the Ti:Zr ratio in the microhigh profiles shows greater variability and shallower 
inflections than corresponding microlows (compare Fig. 2-8 and Fig. 2-1), there is roughly 
parallel behavior along the climosequence in that pedons in MAP extremes have the 
deepest functional boundaries, while the shallowest functional boundaries are in moderate 
MAP pedons. The relatively higher relief of microhighs allows them to physically "shed " 
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climatic zones experiencing large seasonal soil-moisture deficits. This contrast is more 
subdued in both the wetter and drier ends of the climosequence, where microtopographic 
relief is much less. 
In wet climates with lower seasonal moisture deficits, Vertisol pedogenesis is strongly 
influenced by relatively high biotic activity/productivity. High productivity enhances 
overall elemental cycling and bioturbation, ameliorating the strictly physical effects of 
seasonal shrink-swell processes. Eluviation of dissolved organic acids produced by 
organic matter decay enhances rates of mineral weathering, a phenomenon noted in the 
SEM survey, where both rutile and zircon grains were more hydrogeochemically altered in 
the upper unit and in higher MAP pedons. In the Texas study site, Vertisols with MAP 
> 1 300 mm have evidence of extensive bioturbation, particularly crayfish (Fallicambarus 
devastator) krotovina. Krotovina extended as deep as two meters in the profiles and 
accumulation of crayfish wastes at the surface was notable in microlows. 
Vertisols formed in lower MAP climates with extended periods of soil moisture deficits 
show evidence of limited slickenside and microtopographic development simply because 
there is not enough available soil water, even in the wet season, to generate the necessary 
clay-swelling and associated physical forces (Wilding and Tessier, 1 988). Cracks form 
and remain open for longer periods of time during dry periods, providing ample conduits 
for wind-borne dust into the profiles. Aeolian accumulations tend to form a blanket that 
thickens over time in most soils (Y aalon, 1 987) and are effectively intercalated into 
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Vertisol cracks. Lower soil moisture also effectively retards mineral weathering, lessens 
active transport of coarse fragments, and contributes to sand preservation in the profile. 
This argument is supported by the relationship between the sand component and Zr 
content of the VIC profile (Fig. 2-5), which has relatively strong correlation and high 
slope. 
2 . 5. 2 Conceptual model 
It is now possible to hypothesize that two primary processes are at work to influence the 
functional boundary depth in the climosequence profiles (Fig. 2-9): 1 )  at high MAP, 
pedogenic processes are dominated by hydrogeochernical action and lessivage (i.e., 
solutional movement of dissolved and suspended material), and 2) at low MAP, aeolian 
accumulation and physical processes dominate. The functional boundary depth of both 
rnicrolow and microhigh profiles are shown in Fig. 2-9 and the two curves show 
remarkable similarity. Differences between the functional boundary depth curves show the 
contrasting intensity of pedogenic processes and expression within MAP zones. Low 
MAP Vertisols experience rates of physical inputs that exceed hydro geochemical 
processing, high MAP Vertisols experience high rates of hydro/biogeochemical activity 
greatly exceeding physical processes, and the mid-MAP Vertisols are subject to a 
combination of both. 
Pedogenesis differs with available water levels. In low MAP Vertisols, microlows act as 
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Figure 2-9. Conceptual climosequence Vertisol pedogenesis model based on 
depth to functional boundary as a function of MAP. 
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micro lows more effectively capture the limited rainfall and are "wetter ", they also are 
more deeply cracked during the dry season, inducing a deeper functional boundary than 
the microhigh. At the middle of the MAP scale, there is a zone influenced by combined 
processes, where both hydro/bio-geochemical cycling and maximized physical 
translocation (clay shrink-swell) are working on the soils to maximum effect, causing 
shallow and irregular functional boundary depths (Figs. 2-1 and 2-8 ). These profiles 
experience some aeolian input (Figure 2-7 :E), but degradation /eluviation rates are 
equivalent to accumulation rates. In these profiles, packets of material occurring at 80-
1 1 0  cm depths interpreted to be from greater depths were noted in morphologic 
characterizations, but were not statistically discerned, because the volumetric Ti and Zr 
contents fell within the 95% confidence interval for profile means. The offset in the 
microhigh Functional boundary depths is expected here, because these microtopographic 
features, dominated by physical processes and inorganic solute pumping, tend to b� "drier " 
then their basinal microlow counterparts. 
Within the high MAP Vertisols, water is not as limiting and Functional boundary depth 
increases in response to hydro/biogeochemical mechanisms. The presence of abundant 
dissolved and recalcitrant organic substances suppresses general aggregate stability, 
increases carbonate and salt solubility, and creates favorable conditions for lessivage. At 
the same time, bioproductivity increases, recycling material from deeper in the profile to 
the surface and producing more abundant OM to enhance lessivage. Microlows not only 
have higher OM contents (Coulombe et al., 1 996), but also tend to be habitats for diverse 
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commu nit ies of so il-dwell ing fauna . Phys ical transport of mate rials to the surface v ia 
meso- and macro fauna (pa rt icularly c rayfish) tends to d is rupt hydrogeochemical trends 
and attenuates str ict downward weathe ring s ignatures. Thus , the funct ional boundary 
depth is shallower in the m ic rolow than the m ic roh igh , where c rayfi sh accumu lat ions a re 
not subject to intense phys ical reworking and accumulat ion rates sl ightly exceed e ros ion. 
2.5.3  Titanium as a Mass-Balance Strain Indicator in Clay- rich Soils 
The princ iple object ive for th is work is to dete rm ine wh ich "immob ile "  element is best to 
use for  mass -ba lance analys is in the Texas Vert isol cl imosequence . Th is is a necessary 
foundat ion to allow for stat ist ica lly confident compar isons be tween mass-balance trends in 
Appa lach ian paleo-Vert isols and the ir mode m analogs. No element is t ruly immob ile 
du ring intense pedogenes is , but is only relatively immob ile due to retarded 
hydrogeochemica l or  phys ica l p rocess ing . Thus , the cho ice of an  immob ile stra in element 
is dependent upon the pedogenic sett ing . Elements assoc iated w ith externa l  in fluxes of 
material or  flu ids , such as the Z r-sand relat ionsh ip ,  can only be used when such 
accumulat ions are dynamically ba lanced w ith other interna l processes such that the influx 
is cons idered a component of pedogenes is . Such reasoning also holds tr ue w ith elements 
found in minerals suscept ible to hyd rogeochemica l a lte rat ion such as r ut ile- T i. If the 
pedogen ic cond it ions are such that the element is held in relat ive sta sis by the minera l  
assemblage (i.e ., Vertisol fine-earth fract ions , F ig .  2-6), then that element becomes the 
stra in ind icator of cho ice in so ils that a re predominantly fine-textured . Another reason for 
us ing T i  is ana lyt ical : XRF-detect ible T i  is a lways much more abundant than Z r  in these 
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soils. Titanium contents are 3 - 40 times higher than Zr, with associated instrumental 
errors of 0.85-2.38% for TiO2 and 1 .85-25.00% for Zr. When used in Vertisol mass­
balance relationships, Ti is the choice conservative element allowing for maximum 
depiction of pedogenic responses of an element of interest, rather than its relationship to 
the strain indicator itself. 
In the climosequence Vertisols, mean strain ( E i ; Eq. 1 )  for both Ti and Zr in all 
microlow/microhigh depth intervals is a strongly correlated (r2 = 0.83,P �0.001;  Fig. 2-
10), suggesting similarity in the pedogenic behavior of both elements. The regression line 
also shows that Ezr values are overall approximately four times greater than corresponding 
ETi, due primarily to Zr accumulations in the upper unit of most of the pedons. Strain 
calculated from Ti shows the same trends as Ezro but with lower magnitude suggesting 
more conservative behavior of Ti within the Vertisol profiles. Mean Ezr for depth intervals 
ranged from -0.6823 to +0.2036 (i.e., -68% to +20%) in microlows, and -0.6005 to 
+0. 473 9  in microhighs. By comparison, ETi ranged from -0.1 477 to +0.051 3 in 
microlows, and -0.0942 to +0.1838 in microhighs, indicating markedly less pronounced 
volume loss/gain. The conservative nature of Ti in fine-textured Vertisols makes it a more 
suitable strain indicator than Zr, and an indicator that helps quantify pedogenic effects 
more reliably, both within and between Vertisol pedons. 
2.6 Conclusions 
Geochemical and physical evidence delineate a functional boundary in Vertisol pedons, 
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Figure 2-10. Linear regression of ETi and Ezr calculated from mean depth interval 
values for all profiles. Significance designated as: *** P ::::  99%. 
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which indicates a shift in primary pedogenic intensity. Depth to the functional boundary 
indicates the relative influence of contrasting pedogenic mechanisms (hydrogeochemical 
versus physical) across the climosequence. The functional boundary in the climosequence 
Vertisols defines the depth of the superactive pedogenesis domain, where external fluxes, 
in addition to maximum internal expressions of physico-chemical processes, create a 
dynamic open-system. Microscopic (SEM) survey of grain morphology· revealed rutile 
grains were more hydrogeochemically weathered relative to zircon, wheras zircons 
always showed more physical grain damage indicative of extensive transport. This 
relationship was expressed throughout the Vertisol profiles, regardless of the functional 
boundary, although it was slightly more pronounced in zircon features as a function of 
MAP. Zirconium accumulations in the upper unit may be the result of weathering itself, 
that is, Zr the accumulation is due to loss of more mobile elements during pedogenesis, 
however, the strong correlation of Zr with the small, but significant sand component in 
these clay-rich soils, along with the SEM evidence that many very fine sand-sized zircon 
grains have been extensively transported from outside areas, argues that Zr is an indicator 
of physical processes rather than overall weathering during Vertisol pedogenesis. Also, 
despite evidence of primary mineral degradation, Ti is conserved within weathering clay­
rich profiles and is better suited as a closed-system strain indicator to determinine mobile 
elemental translocation intensity using mass balance. 
The concept of a "lithologic discontinuity" as it applies to U.S. Soil Taxonomy is not fully 
defined in terms of pedogenesis, although there are several criteria given by the Soil 
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Survey for its recognition (Soil Survey Staff, 1 998). In some cases, there are true breaks 
in the lithologic composition of profiles, but in many cases, lithologic discontinuities may, 
in fact, be the translocation crossover described by Brimhall et al. (1 991a) or the 
functional boundary described in this paper. Within the Vertisol climosequence, there is 
only a slight lithologic difference in the initial parent material in which soil begins to form, 
but over time, open-system dynamics create a complex lithology characteristic of the soil 
itself. The depth to the functional boundary becomes an interpretive tool for Vertisol 
pedogenesis using both Ti and Zr as indicators of contrasting pedogenic mechanisms. 
Within the Texas Gulf Coast climosequence, the interpretations gained from using this 
tool are: 
1 )  All pedons experienced some level of aeolian input; 
2) Hydro/biogeochemical and lessivage processes dominate wet Vertisols, subduing 
expression of shrink-swell phenomenon and slickenside development and 
microtopographic differences; 
3) Physical processes dominate the pedogenesis of Vertisols formed in dry climates, where 
wind-borne material infiltrates into long-lived seasonal cracks and is only slowly 
weathered; 
4) Mid-range MAP Vertisols show the maximum additive interaction between the physical 
and hydrogeochemical pedogenic processes. 
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Chapter 3 
Mass-balance Relationships in Vertisol Climosequence Profiles Derived from the 
Upper Beaumont Formation, Gulf Coastal Plain, Texas. 
3.1 Summary 
A V ertisol climosequence on the Texas Gulf Coastal Prairie, spanning mean annual 
precipitation (MAP) regimes from 844 mm to 1 437 mm, was examined using mass­
balance relationships. The complex fluvio-deltaic sediments serving as parent material of 
the climosequence were similar enough to allow for meaningful geochemical mass-balance 
comparisons, on a whole-soil basis, across the entire MAP range. Only one pedon out of 
eight showed significant evidence of erosional truncation and the effects of polygenetic 
overprinting. Assessment of soil strain using two potential indicators showed that 
titanium (Ti) rather than zirconium (Zr) is the preferred immobile indicator in this clay­
enriched setting, as Zr tends to be associated with a coarser grained fraction that may 
include aeolian additions to the upper portion of the soils. Mass-balance relationships of 
some of the ten elements examined within the climosequence showed trends ascribed to 
precipitation intensity. Mass-balance trends varied not only between locations but also 
between microtopographic (microhigh and microlow) positions within each Vertisol 
pedon. Mass-balance trends with depth in the profiles fall into four broad categories 
depending on the relative mobility and geochemical reactivity of the individual elements, 
including trends related to: 1 )  the coarse fraction, 2) the clay fraction, 3) leachable/ 
biocycled elements, and 4) climatic/redox-sensitive elements. Net mass flux percentages 
indicate a relative steady-state mass loss of around - 16% ( ±3 % ) in climosequence pedons 
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w ith MAP > 900 mm. The dr ies t Ve rt isol pedon had a ne t mass flux ga in o f  around + 3%, 
w ith part icul arly h igh ga ins of s il icon , sugges ting that accu mulation of aeol ian s il t  a nd s and 
is outstr ipp ing weather ing and these so ils are not for ming w ithin the sa me geoc hemical 
cons tra in ts as wetter V ert isol pedons. 
3.2 Introduction 
Weat her ing and so il for mation in volves t he al tera tion of pr imary l itholog ic components 
t hrough phys ico-chemical processes over time , res ulting in a so il mantle in dyna mic 
equ il ibr ium w ith for mation environment ( Jenny, 194 1a). The c haracter is tic morphology 
and geochemistry of the upper port ion ( i.e ., A & B hor izons ,  sol u m  or superac tive 
doma in) of a so il depends on the intens ity of external ( in vas ive) so il- forming factors such 
as prec ip ita tion/ tempera ture reg ime and b iota ( Richter and Markewitz ,  1995). The lower 
port ion of t he weather ing pro file (regol ith, saprol ite ,  or subac tive doma in) beha ves as a 
mod ified closed-sys te m, where external b iogeochemical fluxes or ig inating in the 
superac tive o verburden are slowly translocated in to paren t l ithology and equ il ibr ia kinetics 
are re tarded by in ternal p hys ical factors , such as per meab il ity and mineral p hase/solu tion 
exchange (Br imhall e t  al., 1991a). The depth of so il development is also dependent on a 
bal ance be tween production and eros ion of the superac tive doma in ( He imsa th e t  al., 
1997). The superac tive so il layer deepens in response to external en viron menta l  
cond itions and in ternal phys ico-c hemical l imita tions to a s teady-s ta te depth, such t hat  
eros ional remo val is o ffse t by deepening of t he func tiona l bound ary at  the expense of 
subac tive saprol ite. T he subac tive ( C  hor izon) thickness can reach up to 50 m depth in 
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warm, humid settings (Eswaran and Bin, 1978). In areas of low relief and minimal 
overwash erosion, such as the regional setting of the Vertisol climosequence studied 
herein, the boundary depth between superactive and subactive domains is most sensitive to 
direct influences from climate-driven inputs. 
Solum morphology and geochemistry are direct expressions of open-system dynamics and 
an excellent indicator of climatic influences. This is particularly true where all but one 
pedogenic formation factor is held relatively constant ( e.g., chronosequences for time, 
climosequences for climate; Chadwick et al., 1 990). Pedogenic trends are used to 
estimate geochemical denudation rates in studies of biogeochemical cycles, particularly 
where regional climate changes induce reservoir shifts of the cycling elements 
(Schwartzman and Volk, 1 989; Stallard, 1 995). Geochemical trends in soils can easily be 
assessed using mass-balance relationships, which account for volumetric changes as well 
as translocations relative to parent lithology. Mass-balance relationships are a consistent 
method of comparing weathering processes in various temporal and spatial scales 
(Chadwick et al., 1 990; Brimhall et al., 1 991 ). 
3.2.1 Mass-Balance Overview 
Brimhall et al. ( 1 985) introduced mass-balance principles in studies of supergene ore 
bodies and later applied these same equations to soils (weathering profiles) as a measure 
of weathering intensity (Brimhall and Dietrich, 1 987; Brimhall et al., 1 99 1a  & b). 
Pedologic "deformation", or volumetric change, is factored in by the strain indicator, E, an 
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index based on the an immobile, relatively non-reactive tracer, as defined in equation 1 :  
( 1 ) 
Where E;.w is strain in weathered material w based on immobile element i ,  p is the soil 
bulk density, p is unweathered parent material interval, w is weathered material, and C is 
concentration of immobile element i in p or w. Movement of individual elements through 
open-system transport is determined by incorporating the strain index into a volumetric 
correction equation to determine translocation (1:';_w): 
(2) 
Chadwick et al. ( 1 990) suggested that mass-balance relationships lend inherent 
consistency to and broadened their interpretive powers of soil-landscape comparisons. 
Mass flux is another useful application of these relationships, allowing chemical 
denudation rates to be determined by established material losses within the weathering 
profiles. This value is determined as the integration of all horizon translocations in terms 
of volumetric content of the original parent material composition, summed as weighted 
averages: 
Z= Di,w 
Net mass flux (m;, flwJ = (ppC;jl00)f Z:,w (Z) d.Z (3) 
Z = O  
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Where Z =  depth , D ;.w = depth of the weathe red co lumn ,  and othe r va riab les a re described 
above (Brimha ll et a l ., 1991a). The ove ra ll mass compositional flux pe rcentage is the 
quotient of the summed mass flux values by tota l e lement oxide composition of the profi le 
(g cm -2) x 100%. 
Severa l  comprehensive pedogenesis studies of time , c limate , and pa rent litho logy have 
uti lized mass-ba lance re lationships .  Work done on Pacific coastal ch ronosequences has 
success ful ly corre lated the degree to wh ich soi l properties a re di fferentiated to tempora l  
exposu re (Harden , 1988; Chadwick et al., 1990 ; Merrits et al . , 1991 ; Nieuwen huyse and 
van Breema n, 1997). In general , soi l extractions based on agricultura l  app lications are 
less useful for b road compa risons , because extraction e fficiency is , in pa rt ,  contro lled by 
the pa rticu lar  soi l components . Within we ll-cont ro lled settings , however, chemica l t rends 
determ ined by soi l-extraction methods may be more sensitive than who le soi l 
composit ions . Lang ley- T urnbaugh a nd Bockheim (1998) uti lized mass -ba lance 
re lationships with U S D A  - Natura l  Resource Conservation Service (NR C S) soi l extraction 
methods to aid in inte rp reting pedogen ic functions in a ma rine te rrace chronosequence 
(Pliocene to modem) in Oregon . Thei r study showed c lea r re lationsh ips in mass fluxes 
between weathering indices quantified as oxa late- and citrate -dith ionite extractab le i ron 
(Fe), a luminum (Al), and si licon (Si), poo ls which a re strongly corre lated to , and therefore 
indices o f, weathe ring intensity (Soi l Survey Sta ff, 1995). These trends may not have been 
detected in who le soi l analysis , as  the di fferences between the total Fe , A l, and Si in the 
c hronosequence te rraces was not significant . However, for b road compa risons across 
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time and locations, particularly in settings with extended weathering exposure, whole soil 
geochemistry may be more useful for mass-balance computations. 
3.2. 2 Use of Mass-Balance relationships in Soil-Paleosol Studies 
One of the most promising applications of mass-balance relations is comparisons of 
paleosols and modem soil analogs. In this context, geochemical trends determined in a 
modem setting, where pedogenic factor inputs are well-constrained, can be translated, to 
some degree, to an analogous paleosol type to gain a better understanding of the 
paleoenvironment in which the paleosol developed (Driese et al., 2000). Although there 
are certain limitations in specific applications, particularly for elements which display 
diagenetic mobility, a judicious choice of soil type can minimize diagenetic overprinting. 
Amongst the most geochemically and physically stable paleosol type is the paleo-V ertisol, 
for which limited permeability and minimal post-burial compaction preserve not only gross 
morphological characteristics, but also geochemical trends (Mora and Driese, 1 999; 
Caudill et al., 1 996, 1 997; Driese et al., 2000). Paleo-Vertisols occur throughout 
Paleozoic geologic successions in the Appalachian Foreland basin and provide an excellent 
opportunity for application of mass-balance interpretations developed in a study of their 
modem analogs. The Appalachian paleo-Vertisols have been extensively described and 
interpreted (for review, see Mora and Driese, 1999). Driese et al. (2000) were able to 
directly compare a modem Texas Vertisol (the Houston Black series) to a Mississippian 
age paleo-Vertisol (Pennington Formation) using mass-balance relationships. Relative 
mass balance trends in topographic micro low positions of both soil and paleosol indicate 
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similar translocation profiles for several elements, particularly those which are leached 
during active pedogenesis (Ca, magnesium - Mg, strontium - Sr, and phosphorus - P). 
The significant retention of whole soil/rock geochemical patterns in Vertisols/paleo­
Vertisols strongly suggests that more detailed paleoenvironmental interpretations can be 
gained by further analog studies. 
3.2.3 Elements of Interest 
The choice of suitable elements for mass-balance assessments in Vertisols depends on their 
behavior both during and after weathering exposure. During active weathering, the 
intensity of surficial factors, such as climate and biotic productivity, dictates the removal 
of primary- and accumulation of secondary minerals within the Vertisols profiles in 
response to hydrogeochemical and internal thermodynamic conditions. Soils in 
moderately to well-drained conditions where rainfall is not limited behave as acid 
hydrosylate systems, where cations are replaced by meteorically- and organically­
introduced protons (Chesworth, 1 992). In seasonally to perennially moisture-deficient 
soils, such as the Texas Vertisols, high concentrations of electrolytes such as Ca2+, Mg2+, 
potassium (K+), bicarbonate (HC03-), and sulfate (SO/) reach supersaturated levels at 
depth and are precipitated out in secondary mineral phases (Wilding and Tessier, 1 988), 
generating an "alkaline trend " soil, or a soil geochemistry dominated by salts (Spiers et al., 
1 984; Chesworth, 1 992). Limited drainage, typical of fine-textured soils in low-relief 
topographic settings, induces locally variable Eh-pH conditions which greatly affect the 
behavior of redox-sensitive elements, such as Fe and manganese (Mn; Wang et al., 1 993; 
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White and Dixon, 1996). The different drainage conditions associated with Vertisol 
rnicrotopographic positions create contrasting trends within relatively close spatial 
associations (Wilding et al., 1 990). Microlows retain moisture and therefore have 
weathering profiles more influenced by redox and acid-hydrolytic trends (mean profile pH 
values .:S 7.0, USDA-Natural Resource Conservation Service Soil Survey Laboratory data 
accessible on the internet at www.iastate.edu/soils/ using pedon codes given in Table Al­
l). Microhighs have to greater moisture-deficits due to elevated evaporation, tend to 
accumulate secondary minerals at shallower depths and behave as strictly alkaline-trend 
systems (mean profile pH values >7.0). 
Elements are categorized by their general behavior in soils and paleosols (Chesworth, 
1 992). Then, relative loss during pedogenesis depends on bedrock composition and 
secondary mineral formation. Generally, the accepted kinetic order in chemical 
denudation studies has been: Ca > Mg > K > Si > Fe > Al (Harden, 1 988), with some 
exceptions for extreme conditions. Elements such as Al and Si are abundant in continental 
lithologic (andesite/dacite/ rhyolite) compositions and provide structural :frameworks for 
most primary and secondary minerals. Because these elements are not easily removed 
from the weathering profiles and are also conservatively retained within paleosols, they 
can be considered structural component elements (White and Brantley, 1 995). 
Alkaline earth elements (Ca, Mg, Sr) are associated with hydrolyzed primary minerals 
(pyroxenes and amphiboles) in weathering profiles and are released as cations into 
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solu tion . Aqueous phase ca tions can in terac t wi th clays in the soil matri x and are held in 
rela tively lo w-ener gy associa tions wi th smecti te exchan ge si tes induced by isomorphic 
subs ti tu tion ( Wildin g e t  al ., 1990 ). These elements can also readily precipi ta te a t  depth in 
secondary minerals (carbona tes and sul fates ) in alkaline-trend profiles (soils dominated by 
sal t dissolu tion /precipi ta tion ), where accumulations then serve as indica tors of e ffective 
leachin g dep th ( McFadden et  al ., 1991 ). Thus , Ca , M g, and Sr are leachin g/e xch ange 
sensi tive componen ts . 
Potassium and rubidium (Rb )  are commonly enriched in paleosols , emplaced by 
metasomatic processes durin g dia genesis (Nesbitt and Young, 1984 ). The role of K in 
modem soils is complica ted by mic a/feldspar weathering, plan t uptake and recyclin g, and 
clay mineral exchan ge ,  but K is rarely los t to < 20% of i ts ori ginal con ten t under na tural 
condi tions ( Huan g, 1989). Rubidium mos t likely behaves similarly to K due to i ts 
comparable a tomic radius and char ge ,  however , Rb forms rela tively s tron ger bonds in 
silica tes and the K:Rb ra tio con tinually decreases wi th advanced soil ma turi ty ( Franz and 
Carlson , 1987). 
The behavior of the two m ajor redox-sensi tive elements ,  Fe and Mn , has been reviewed in 
many s tudies ( Schwer tmann and Taylor , 1989). Loss and gain of these elements is due 
primarily to variable hydrochemical condi tions (Eh-pE) within profiles , par ticularly in 
periodically poorly-drained se ttin gs . Comple x hydrated o xides typically occur in soils 
(Bernal et  al., 1959). Geochemical behavior of Fe and Mn can o ften be correlated direc tly 
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with color changes in profiles (Torrent et al., 1 983), however, these elements may 
experience post-pedogenic compositional changes as soils become paleosols, particularly 
as the result of interaction with dysoxic and/or acidic diagenetic fluids. Paleo-Vertisols 
are commonly depleted in Mn and somewhat enriched in Fe, and all Fe is in well­
crystalline oxide (hematite) form, as oxyhydroxides are dehydrated during burial 
diagenesis (Schwertmann and Taylor, 1989). Appalachian Basin paleo-Vertisols have a 
characteristic red color in outcrop due to the relatively high hematite content. In their 
comparison of a Mississippian age Pennington Formation paleo-Vertisol with a modem 
Houston Black Vertisol, Driese et al. (2000) found that total Fe was 75% greater overall 
in the paleo-Vertisol and total Mn was depleted by 75% relative to the modem analog. 
Manganese is soluble under redox conditions typical of burial diagenetic environments, 
thus, Mn-containing minerals will dissolve and Mn will be removed by fluid-rock 
interaction. Driese and Mora (1 993) noted through cathodoluminescence microscope 
examination of paleosol carbonate cements that Fe remained fixed in the paleosol matrix 
but cements formed through secondary precipitation were enriched with Mn. Iron and Mn 
are grouped into redox-sensitive category in soils, with Mn being more mobile and 
variable, Fe conserved and even accumulated in Vertisol profiles. 
Phosphorus does not fit into any one of the previous categories and thus is considered 
alone in climosequence profile comparisons. Phosphorus is a necessary macronutrient in 
most living organisms. It is susceptible to biocycling, fixed with Ca as hydroxyapatite in 
calcic horizons, or with Fe in secondary Fe mineral phases such as strengite (FePO4·2H2O) 
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or vivianite [FeiPO4)2 ·8H2O; Lindsay et al., 1 989]; thus, P falls into several functional 
categories in soils and serves as an ancillary pedogenic indicator for other, more 
restrictive, categories. Most important is its role in bioproductivity, as many soils are P­
deficient, and surface accumulations or sub-surface depletions of P are excellent 
geochemical measures of the depth of open-system biotic influence. Phosphorus is also 
fixed by calcareous horizons and is thus a secondary indicator of extensive pedogenic 
accumulations. 
3.2. 4 Hypothesis and Goals 
The principle objective ofthis study was the compilation and interpretation of comparable, 
climate-induced, mass-balance trends for selected elements with a modem Vertisol 
climosequence. It was hoped that the trends identified in modem Vertisols, obtained 
under relatively well-constrained environmental conditions, would provide useful baselines 
for assessing mass-balance trends previously determined for analog Appalachian basin 
paleo-Vertisols, and would be able to provide finer-resolution climatic interpretations for 
those paleogeographic settings in which the paleosols occurred (Driese et al., 2000). 
Mass balance trends were compiled from both microhigh and microlow profiles across the 
climosequence. Correlation analyses of micro low depth trends are used to evaluate 
whether the elements acted similarly in the profiles, and whether the responses were 
directly related to mean annual precipitation or precipitation deficit. Amplitude of 
difference between microhigh and microlow trends provide information as to the intensity 
of internal mechanical deformation processes on hydrochemical activity. Finally, mass flux 
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assessments of total elemental translocations are used to evaluate whether the profiles are 
in relative steady-state with climate. 
3.3 Materials and Methods 
3. 3. 1 Geographic Setting and Sampling 
The setting for this investigation has been described in Chapter 1 (Fig.1 -1 ;  Tables Al-1 
through 3). Samples for this investigation were recovered from large soil pits (2m wide, 
3-5m long) excavated at each site, transecting microhighs and microlows in each pit. 
Bulk soil samples were collected at 10 cm intervals from microtopographic pairs (pedon) 
to the base of each pit for geochemical analysis, and from each pedogenic horizon for bulk 
density. 
3.3.2 Analytical Methods 
To maintain uniform analytical procedure for analog soil-paleosol comparisons, soil 
samples were treated as whole rock samples and most analytical procedures performed on 
soils are also applicable to lithified paleosol samples. Soil samples were oven-dried at 
60°C, ground in a shatterbox, and pelleted for bulk geochemical analysis using X-ray 
fluorescence (EG&G ORTEC TEFA III, Singer and Janitsky, 1 986; all data, instrumental 
detection limits and precision are compiled in Table A3-1 ). Bulk density was determined 
by the paraffin-coated, air-dried, clod method (Blake and Hartge, 1 986; data in Table A3-
2). Particle size analysis was carried out at the National Soil Survey Laboratory in 
Lincoln, Nebraska, using the pipet method (Gee and Bauder, 1 986; Table A2-5). 
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Elemental weight percentages were corrected for carbonate content dilution prior to mass­
balance calculations (for method, see Chapter 2). Carbonate correction factors (CCF) are 
given in Table A2-3. The depths to which CaO wt % was at or below mean background 
CaO wt %, along with descriptive data from NRCS (Table A2-l) were used to determine 
the DCH of each profile. Ten cm depth interval data have been converted to mean values 
for specific pedogenic horizons to allow for more direct comparison between NRCS data/ 
descriptions and whole rock geochemistry. Thus, depth interval data within each horizon 
act as sub-samples and tend to smooth data uncertainties for any single point. All XRF 
data for 10-cm intervals are presented in Table A3-l, with carbonate-corrected data 
presented in Table A3-2. 
3.4 Results and Discussion 
3.4. 1 Parent Material and Strain 
Mass-balance relationships require a known composition for relatively unweathered parent 
material in weathering profiles. In the case of the Vertisol climosequence, formed on a 
complex of fluvio-deltaic deposits, there is no primary parent material composition that 
covers all locations. Rather, the parent material for each pedon set (microhigh and 
microlow) is assumed to be the composition of the deepest sample collected. This 
assumption may be problematic in that the deep samples collected were sometimes found 
to be lithologically "dissimilar " to overlying sediments, indicated as lithologic 
discontinuities in NRCS descriptions (Table Al-I ). Deep samples removed from two of 
the pedons (LEG 245A and LAW 239) were found to be strongly influenced by 
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groundwater, such that the deepest sample showed significant morphological and 
geochemical differences (Table 3-1 ). For these profiles, parent material compositions 
were defined at slightly shallower depths. All elemental compositions of the pedogenically 
altered material collected to depths (-2.5 m) and parent sediment were determined to be 
significantly different (P  �0.001 ), indicating that mass-balance trends are due primarily to 
pedogenesis rather than sedimentological differences. Compositional differences in parent 
material between locations are within statistically acceptable ranges and do not vary 
significantly across the climosequence. 
Strain is calculated as the ratio of volumetric elemental content ( calculated as wt% times 
bulk density) of parent material to weathered interval (Eq. l ). Residual enrichment (RE), 
or the ratio of bulk densities (P/PJ, shows trends of mineral dissolution and leaching (RE 
> 1 )  or secondary accumulations {RE <l; Figure 3-1 [ note: In all figures, series localities 
listed in order of decreasing mean annual precipitation regime (MAP) from top left 
(League series) to bottom right (Victoria Series)] }, which are reflected in strain 
calculations. Bulk density changes in the climosequence profiles are relatively 
conservative, varying no more than 20% of the overall mean p
p 
( 1.8657 g cm·3; Fig. 3-1)  
The upper horizons in most of the profiles have experienced some dilation (Pw < pp ) due 
to bioturbation and mineral dissolution, particularly in the micro lows (Fig. 3-1 ). These RE 
patterns are similar to, though less pronounced as, those noted by Chadwick et al. (1990), 
where RE values in surface horizons of a climosequence in Hawaii were as great as 1 50% 
of mean P
p
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Figure 3- 1 .  Residual enrichment for all profiles: A) rnicrolows, B) microhighs. 
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dilation compared to the microlows. Lower Pw values at depth in both microhighs and 
microlows, with subsequent RE values greater than 1.0, may be attributed to higher clay 
contents at depth, with lower overall component p (mean < 2.0 g cm-3) compared to 
quartz or carbonate-enriched parent material (p = 2.65 and 2.71  g cm·3, respectively). 
Strain for each profile was initially determined using titanium (Ti) as the conservative 
element in Equation ( 1  ). Figure 3-2 shows Ti-strain ( ET) as a function of depth in all 
profiles. Strain in the microlows (Fig. 3-2A) follows a marked sigmoidal trend with depth, 
with greatest volumetric loss ( compaction) between 50-1 50 cm, corresponding to the 
maximum slickenside expression in the profiles, as described in the field (Table A l - I ). 
Most of the microlow profiles show slightly less compaction within the surface (A) 
horizons than in the underlying horizons, indicative of bioturbation dilational processes, 
such as burrowing and rooting in the A horizons that are obliteratedat depth by the effects 
of seasonal shrink-swell cycles. Microhigh ETi trends show overall lower volumetric loss, 
greater scatter, and a less direct relationship with surface features and slickenside 
expression. Volumetric gains in both microlows and microhighs correspond to carbonate 
and gypsum accumulations at depth, which are somewhat shallower and more pronounced 
in the microhighs. 
Strain estimates determined using Ti as the immobile indicator are more conservative than 
zirconium (Zr)-based values (Fig. 3-3). Zirconium strain ( Ezr) exaggerates volumetric 
losses and gains due to compositional discrepancies in the upper portion of the profile 
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v ersus th e par ent mat er ial , which is poss ibly at tribu ted to addition of exotic zircon into th e 
upper ,  act iv e  portion of th e profil es (s ee Cha pt er 2). Sim il arly, Br imhall et a l. ( 1991a , 
1994) d emonstrat ed that most Zr in upper port ions of weath er ing lat erit es was mostly 
assoc iat ed w ith  zircons accumulating , a long w ith oth er translocat ed min erals , in clay-rich 
illuv ial horizons . Thus , volum etric chang es as det ermin ed by Ezr shown in Fig . 3-3 ar e 
exaggerat ed in th e upper -2 .5 m of all th e profil es ,  suggesting compact ion as low as  84% 
and d ilation up to 92% of original par ent mat eria l volume. Th e exagg erat ed Ezr valu es ar e 
unr eal istic for V ert isol pedogen es is in fin e-t extur ed dista l alluv ia l parent mat er ial , in which 
volume loss es and gains ar e min im iz ed by pr e- exist ing t extural conditions , i.e., w ell-sorted 
s ilt to clay and high bu lk d ensit ies . Without using corr ection factors for translocat ed 
z ircon ( e.g ., Br imhall et al ., 1991a), th is comparison sugg ests that ETi is mor e us eful to 
d escrib e ov erall g eoch emical chang es in profil es that a re at tributabl e to pedog enic 
int ensi ty, rath er than exaggerat ed est imat es of strain . 
3. 4.2  Mass-Balance Trends 
Th e t en el em ents chos en for th is s tudy (Al ,  Ca , F e, K, Mg , Mn , P ,  Rb , Si , and Sr) 
compris e rough ly 97 wt% (± 1) of th e total compos it ion in all profil es . Profil es are 
dominat ed by S i  ( x  = 69.93 ± 0 .78 wt .%) follow ed by Al ( x  = 1 1 .43 ± 0 .28 w t.%). Both 
A l  and Si ar e compon ents of th e dominant m inerals ( phyllosil icat es , qua rtz , and feldspars), 
and ar e th er efor e expect ed to b ehav e cons ervat iv ely in th e profil es . A luminum 
translocations ( Fig . 3-4) show som e syst ematic di ffer enc es ,  both b etween and w ithin s eri es 
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wettest profiles (LEG 245A & LAC 201 )  show maximum losses in the upper portions, 
lessening with depth, and conservation in horizons with maximum slickenside and higher 
clay wt % (Tables A 1-1 ,  A2-5) . Both LAC 1 57 and 481 micro lows show modest losses 
to around 170 cm. Aluminum behaves very conservatively in the driest profiles (LAW 
391 and VIC 409, Fig. 3:C & D), with overall gains possibly as the result of wind-borne 
addition of relatively unweathered feldspar grains, particularly in the microlow. Trends in 
climosequence rnicrohigh Al translocations do not correspond to those in adjacent 
microlow trends, and there is no discharge/recharge trend (i.e. overall microlow Al loss is 
offset by microlow Al gain) across the profile pairs. Microhigh trends in LAC series 
(MAP 1 321-1 1 24 mm) have similar patterns to those in LAW 239 and 469 microlows 
(MAP 1066 and 1 000 mm, respectively). 
Silicon behaves more conservatively than Al in most profiles (Fig. 3-5). The exceptions 
are profiles at the extreme MAP regimes (LEG 245A and VIC 409; Fig. 3-5 A & E, D & 
H), where Si behavior is dictated by high leaching and aeolian influx, respectively. The 
behavior of Si is largely dictated by the abundance of sand in all the profiles, except LEG 
245A, where acid hydrolysis easily dissolves and removes excess Si, maintaining a relative 
steady-state. Upper portions of LAC 201 profiles (Fig. 3-5, B & F) show Si gains 
attributable to overwash sand deposition from the nearby waterway, as horizons down to 
- 170 cm have > 1 00% higher sand content than deeper horizons (Fig. 3-6; Table A2-5). 
Conservative trends in the other LAC and the LAW microlow profiles are ascribed to 
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accumu la tions , can be rough ly ma tched to s ilt con ten t increases in these pro files (Fig. 3-
6). The dr ies t M A P  pro file ,  V IC 409, shows s ignifican t S i  accumula tions in both 
microh ighs and micro lows , ascr ibed to the aeo lian in flux of  sand borne on w inds sweep ing 
across the large sand shee t jus t to the south o f  th is pedon location. 
Trends o f  Ca , Mg , and Sr trans locations (Figs. 3-7,-8,-9) are near ly iden tica l to each o ther 
w ith in profiles , w ith Ca the mos t mob ile of  the th ree . Corre la tions o f  the three e le ments 
de mons tra te s imilar behav ior (Ca x Mg , R = 0.896 , P = 0.014 ; Ca x Sr , R = 0.878, P = 
<0.00 1 ;  Mg x Sr , R = 0.906 ,  P = 0.023). Ca lc ium has exper ienced the greates t re la tive 
losses in the micro low pro files , w ith the dep th o f  e ffective leach ing (i.e ., 'tea, Ti <  -0.85 0, or 
>85% loss) rough ly sha llow ing with lower M A P. Th is re la tionsh ip o f  e ffective leach ing 
depth w ith M A P  is a lso ev ident in micro low Mg and Sr trends , a lthough maximu m losses 
are s ignificantly lower ( 1:'w,Ti = - 0.45 0 for Mg and -0.4 00 for Sr), because these e le ments 
both ac t more conser va tive ly than Ca . Magnes iu m  is o ften assoc ia ted w ith iso morph ic 
subs titu tion w ith in the c lay struc ture , and the geochemica l kine tics o f  Sr are slowed by the 
larger a to mic rad ius and s ligh tly lower e lectronega tiv ity (0.95 vs 1 .00 for Ca and 1.3 1 for 
Mg). M icroh igh pro files from LA C ,  LA W and V IC pedons have not been leached as 
deep ly or extens ive ly as the ir adjacen t micro lows , and some pro files have s ignificant  
accumu lations (LA W 239). In the micro lows , trans location trends for both Mg and Sr 
show more linear re la tionsh ips overa ll w ith depth (less is removed as depth increases). 
Ma gnes iu m  trans location shows some corre la tive response to M A P ,  as upper por tions o f  
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(Fig. 3-8). Strontium is the most conservative of the three alkaline earth elements (Fig. 3-
9) due to slower geochemical kinetics. No clear correlations with MAP are evident in Sr 
trends. Strontium trends noted in the LEG 245A profiles indicate slight losses at the 
surface and increasing losses at depth, and are attributed to Sr biocycling in these soils. 
Plants take up Sr along with Ca (up to 12% substitution; Kabata-Pendias, 2001), where it 
accumulates in the surface in decomposing vegetation. Crayfish bioturbation may also 
contribute, as sediments with higher Sr contents are brought up from depth in the soil and 
deposited on the surface. The slow kinetics of Sr relative to Ca and Mg result in higher 
accumulations at the surface, as biocycling exceeds effective leaching rates. 
Profiles from LAW 239 are problematic, in that accumulations of the alkaline earth 
elements below 1 50 cm in the microlow and below 90 cm in the microhigh are very high 
compared to the other profiles. Calcium accumulations reach nearly 1 50%, and Mg and 
Sr nearly 100% and 75%, respectively, in this profile. This pedon also has exaggerated 
strain trends (Fig. 3-2) that suggest differences in alluvial parent materials at depth. 
Descriptions of LAW 239 microhigh and microlow pedons indicate there are distinct 
breaks in the morphology of carbonate masses, from hard glaebular concretions to fine­
grained powdery masses. These trends in LAW 239 may reflect relict pedogenic features 
and, thus, this pedon may be truncated and polygenetic and may not reflect recent climatic 
conditions. Relatively high accumulations of alkaline earth elements at 230-250 cm depth 
in LEG 245A are due to crayfish-moderated carbonate precipitation, where cation­
charged soil solution contacts atmospheric pC 02 through crayfish burrows. 
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Potassium behaves very similarly to the leaching/exchange-sensitive elements, Ca, Mg, and 
Sr (Fig. 3- 10), particularly Mg (R = 0.756, P = 0.016), if profile LAW 239 is excluded 
due to its unusual trends for all alkaline earth elements. Potassium mass-balance trends 
are nearly identical to Sr, where the statistical F-test shows an overlap probability of 
0.626. Thus, behavior ofK in the climosequence profiles is primarily influenced by the 
leaching regime. However, Rb behaves differently than K (Fig. 3-1 1  ), corresponding 
more closely to Al translocation trends (R = 0.895, P = 0.027). As Al is most closely 
associated with clay composition and content, it is reasonable to infer that Rb resides 
within the clay interlayer sites, forming a relatively stable complex in these alkaline trend 
soils. 
Iron translocation patterns in microlows are similar to the other leachable elements such as 
Mg and K, showing losses in the upper 200 cm and conservative behavior below that 
depth (Fig. 3-1 2). Loss patterns are similar between microlows and microhighs in all 
pedons. This similarity suggests that mechanisms controlling Fe translocation are 
relatively uniform (i.e., matrix-dominated) and are controlled by the redox status of the 
soil. Organic matter acidolysis of Fe-bearing primary mineral constituents (i.e., pyroxenes 
and amphiboles) releases Fe2+, which leaches downward in the soil profile and is 
precipitated in secondary minerals within favorable redox conditions usually occurring at 
depth (Montgomery et al., 2000). Generally, Fe losses increase with increasing MAP. 
The driest MAP profile, VIC 409 (Fig. 3-12, D & H), displays very conservative Fe 
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is fairly consistent throughout, except in the deepest portion, where it increases slightly. 
Overall, the Fe content of VIC 409 profiles is the lowest of all the climosequence profiles 
(Table 3-1 ), and the moisture deficient conditions of the profiles restricts translocation. 
Translocation patterns of Mn in the profiles are very complicated, with generalized 
patterns recognized for each of the different series (Fig. 3-1 3). Complicated loss/ 
accumulation trends are likely due to the complex behavior of ionic Mn, which can exist in 
several oxidation states in ambient soil solutions. Organic acids can cause dissolution of 
metastable Mn oxyhydroxides found as grain coatings in shallower horizons, 
reprecipitating Mn deeper in the profile (McKenzie, 1 989; Montgomery et al., 2000). 
Climosequence Mn trends change from recording overall loss in the wettest MAP pedons 
to overall gains in the drier MAP profiles, with most the conservative behavior noted again 
in the driest pedon (VIC 409). The translocations patterns for the microhighs are more 
conservative than those for the microlows, as generally wetter conditions induce higher 
productivity, with subsequently more acidic conditions, and higher Mn mobility. 
Accumulations greater than 100% in LAW 239 and 391 microlows (Fig. 3-1 3, C) are 
somewhat problematic, suggesting Mn content was low or depleted in the deep (parent 
material) sample used for the mass-balance calculations, or the pedon was affected by 
outside additions of Mn. Manganese is a necessary nutrient, and can be removed to 
rooting depth and readily biocycled, but such recycling doesn't totally explain the 
accumulations, because the highly bioproductive LEG 245A and LAC 201 profiles do not 
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periodic groundwater in the deeper portions of the pedons. Because pedon LAW 239 
shows erratic translocations of other elements and it is possible that there is a truncated 
soil underlying the surface soil at a depth of around 2 m, there is some doubt as to its 
sedimentological continuity and polygenetic nature. Not all elements are affected by this 
discontinuity, suggesting that the break is a product of depositional processes (i.e., 
erosion, reposition of alluvium from the same source early in the history of the Beaumont, 
followed by subsequent pedogenesis of the more recent alluvium) rather than different 
parent material altogether. 
Phosphorus loss is more pronounced in pedon microlows than microhighs (Fig. 3-1 4) and 
the depth to which P is depleted decreases with decreasing MAP. Most P-bearing 
minerals are relatively insoluble under well-oxidized, neutral to alkaline soil conditions, but 
are effectively dissolved by organic acid exudates in plant roots. Because P is a nec�ssary 
macronutrient for most living organisms, P losses are directly related to biological 
productivity of the pedons and translocations in the micro lows approach 100%. 
Phosphorus is more conservative in the microhighs, due to a combination of lower 
bioproductivity and generally higher pH (i.e, lower P mineral solubility). The climatic 
signature in P translocation can be seen in contrasting patterns between microlows and 
microhighs, with greatest contrast in the LAW profiles (MAP ca. 900-1 1 00 mm). 
Correlations amongst the element translocations (with the exception of pedon LAW 239) 
show overall similarities in the general geochemical behavior of these elements (Table 3-
1 10 






































































































































































































































































































































































































































2). Using these relationships, it is possible to categorize the elements based on broader 
geochemical behavior. In essence, there are four basic mass-balance trends with depth 
noted in the climosequence Vertisols: 
1 )  A framework trend represented by Si, behaves conservatively in response to 
hydrogeochemical translocation and corresponds more closely to coarse to medium size­
fraction (sand- and silt-sized) grain composition and distribution. Silicon is not correlated 
to any other elements in the matrix (Table 3-2). 
2) A clay-related trend represented by Al and Rb. These elements behave less 
conservatively than Si under leaching conditions, are generally more conservative than 
most of the other elements, and are strongly related to the clay-fraction distribution in 
profiles. 
3) A trend in leachablelbiocycled elements represented by the alkaline earth elements 
(Mg, Ca, and Sr), K, Fe, and P, which show significant depletions in the microlows and 
generally differentiated depletions/accumulations in microhighs. Some of the elements 
show distinct MAP responses, but for the most part have reached a steady-state depletion 
to the depth of effective leaching. Correlations show the strongest relationships between 
the alkaline earth elements and P, although P data overlap significantly with Ca. 
4) A climate-redox sensitive trend represented by Mn, which actually has the best overall 
correlation with MAP compared to other elements, despite the generally exaggerated 


































































































































































































































































































































































































































































































3. 4. 3 Mass Fluxes 
The overall loss or accumulation of elements within individual profiles is termed net mass 
flux. Comparisons of these values may be more valuable than the translocation trends for 
individual elements when assessing the effects of long-term weathering under differing 
pedogenic factors. 
In the climosequence profiles, elemental fluxes are generally higher in the microlows than 
microhighs (Table 3-3), except in the driest MAP profile (VIC 409). Only Mn showed a 
significant correlation to MAP (R = -0.725**), and most elements have only weak 
negative correlations. Essentially, drier profiles experienced lower losses. The Victoria 
pedon (VIC 409) was also the only one to show net accumulation of elements relative to 
parent composition. Pedon LAW 239 is again problematic and will be not be discussed 
further, as mass-balance behavior of elements in this profile may have been influenced by a 
pedologic discontinuity at depth and do not reflect long-term pedogenic effects. The 
overall mass flux percentages of the remaining profiles (Figure 3-1 5) show that the 
climosequence Vertisols have achieved a relative steady-state net mass flux of around -
16% (±3%) when MAP exceeds 900 mm. Below this critical MAP, Vertisols do not 
experience the same pedogenic processes as their wetter counterparts. In the drier 
Vertisols, carbonates are more likely to accumulate and be retained within the profile. 
Another cumulant in theses profiles is aeolian sand and silt, which carry in Si in the form 
of quartz and feldspars (Table 3-3). Attenuated hydrogeochemical weathering rates limits 
leaching and secondary phyllosilicate formation, and thus enriches these elements in the 
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Figure 3- 15. Mass flux as a function of MAP. 
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surface horizons. The overall mass flux assessments can differentiate only two broad 
precipitation regimes at > or < 900 mm MAP. 
3.5 Conclusions 
Geochemical mass balance trends in the Vertisol climosequence profile are comparable, 
with most of the ten elements examined showing reponses to MAP. The complex fluvio­
deltaic sediments serving as parent material for the climosequence Vertisols were similar 
enough to allow for meaningful mass-balance comparisons on a whole-soil basis across the 
entire MAP range. Using Ti rather than Zr as the immobile element in this clay-enriched 
setting allowed for a conservative strain factor and maximized the likelihood that mass­
balance trends are the products of actual geochemical changes, rather than responses to 
shifts in particle-size fraction. Only one pedon out of eight (LAW 239) showed 
significant evidence of erosional tnmcation and overprinting. It was not included in the 
final mass flux comparison. 
Some mass-balance trends can be directly correlated to intensity of precipitation, whereas 
others are related indirectly through clay illuviation and biocycling. Mass-balance trends 
varied not only between locations, but also between microtopographic (microhigh and 
microlow) positions within each Vertisol pedon. Most Vertisol microlows show greater 
translocation and material losses than microhighs, although both have experienced net 
mass losses in all but the driest pedon. Basic trends in the climosequence profiles fall into 
four broad categories depending on the relative mobility and geochemical reactivity of the 
1 17 
individual elements: 1 )  framework, 2) clay fraction, 3) leachable/biocycle, and 4) 
climatic/redox-sensitive. Net mass flux percentages show that climosequence Vertisol 
pedons with MAP > 900 mm have achieved a relative steady-state with a net material loss 
of approximately -1 6% (±3%), with slightly less loss in rnicrohighs. The driest Vertisol 
pedon had a net mass flux gain of around +3%, and the microlow gain was greater than 
the microhigh. In this pedon, high gains of silicon, particularly in the microlow, suggest 
that accumulation of aeolian silt and sand is outstripping weathering and these soils are not 
within the same geochemcial constraints as wetter Vertisol pedons. 
Mass-balance relationships of individual elements allow for relatively fine-resolution 
comparisons to be made between U.S. Soil Taxonomy-designated series in the Vertisol 
climosequence. Most depth trends fall within relatively narrow MAP regimes, as the 
series are somewhat constrained to specific moisture regimes. Net mass flux trends gave 
only broad MAP resolution, essentially differentiating only two MAP regimes. The 
comprehensive trends noted in the modern Vertisols under known environmental 
conditions can now be compared with paleo-Vertisols to assess post-pedogenic changes 
and to reinforce their usefulness in paleoenvironmental reconstructions. 
1 1 8 
Chapter 4 
Pedogenic Iron-Manganese Nodules in Vertisols: A New Proxy for 
Paleoprecipitation? 
4.1 Abstract 
The total Fe content of pedogenic iron-manganese (Fe-Mn) nodules taken from a Vertisol 
climosequence on the Texas Gulf Coastal Plain correlates with mean annual precipitation 
(MAP, r2 = 0.92). No significant trend ofFernr with depth was noted in profiles. Using 
the regression developed from modern Vertisol data, Fe y0T contents of Paleozoic paleo­
Vertisol Fe-Mn nodules yielded MAP regimes comparable to previously inferred 
paleoenvironmental interpretations. Paleoprecipitation estimates derived from Fe-Mn 
nodules for an uneroded, Late Mississippian paleo-Vertisol are very close to estimates 
determined from a depth-to-pedogenic-carbonate horizon (DCH) proxy determined from 
the modern Vertisol climosequence. Because the Fe-Mn nodule proxy is independent of 
depth, it provides consistent paleoprecipitation estimates even in eroded paleo-Vertisols 
and, in combination with the DCH, may be useful in determining original paleosol 
thickness. 
4.2 Introduction 
Pedogenic iron and manganese (Fe-Mn) minerals are abundant in many soils, commonly 
precipitating as macroscopically visible nodules (glaebules) or concretions (McKenzie, 
1 989; Schwertmann and Taylor, 1 989). Nodules form authigenically from extant Fe and 
Mn pools in soils; the predominant mineralogy is controlled by soil environmental 
conditions, particularly the oxidation state, pH, and ionic strength of soil solution. All of 
1 1 9 
these factors vary with free-water availability; thus, formation of pedogenic Fe-Mn 
nodules in relatively uniform-textured soils on similar landscape positions is largely 
dictated by precipitation trends. 
Pedogenic Fe-Mn nodules occur most frequently in fine-textured (silt- or clay-rich) soils 
with restricted permeability or imperfect drainage under moderate continental to warm 
subtropical temperature regimes. Vertisols, an order in Soil Taxonomy which are 
characterized by both high clay content and shrink-swell potential (Soil Survey Staff, 
1 998), may contain abundant pedogenic Fe-Mn nodules. Vertisols are well-preserved in 
the geologic record (Mora and Driese, 1 999; Driese et al., 2000) and paleo-Vertisols 
containing Fe-Mn nodules have been identified over a range of geologic time, including 
the Mississippian (Caudill et al., 1 996), Permian (Fastovsky et al., 1 995), Cretaceous 
(Mcsweeney and Fastovsk:y, 1 987; McCarthy et al., 1 999), and Tertiary (Smith et al., 
1 994). 
4.2 . 1 .  Formation and Preservation of Fe-Mn Nodules in Vertisols 
The relationship of Fe and Mn in pedogenic nodules has been widely studied (Golden et 
al., 1 993  ). The primary mode of formation is mineral dissolution and precipitation along 
a redox gradient (Schwertmann and Taylor, 1 989) that can be either microbially or 
abiotically induced. Manganese oxides containing structural Mn4+ precipitate initially, 
and subsequent oxidation ofFe2+ by Mn4+ causes Fe3+ phases to precipitate (Golden et al., 
1 988). Vadose hydrology, dictated by seasonal wetting and drying cycles, is the primary 
control on these reactions. Hydrous Fe and Mn mineral phases (ferrihydrite, birnessite) 
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form in hydrochemically favorable soil micropores, proceeding to more stable crystalline 
lattices (goethite, lepidocrocite, hollandite) as water becomes limiting. 
Pedogenic Fe-Mn nodules initially coalesce as hydrous-phase assemblages in micropores 
and accrete outward in concentric fashion. Nodules (Fig. 4- lA) grow displacively and 
incorporate resistant grains, such as quartz and zircon, into their matrix (Cescas et al., 
1 970). Nodules are well-formed within 3000 - 4000 yr. ofpedogenic development in 
Vertisols (A. Robinson, 2001 ). Accretionary banding, as noted by White and Dixon 
( 1996), occurs in response to seasonal deficits in soil moisture relative to phase 
saturation. Although individual bands may reveal a detailed history of small-scale redox 
variations, whole nodule compositions are integrated proxies for longer- term hydrologic 
conditions. The micromorphology of Fe-Mn nodules in ancient paleosols is remarkably 
similar to that of modem counterparts, including the accretionary growth patterns (Fig. 4-
1 B). Modem pedogenic Fe-Mn nodule mineralogy is dominated by goethite and 
lepidocrocite, whereas paleonodules are primarily hematite, reprecipitated during 
· postpedogenic dehydroxylation (Schwertmann and Taylor, 1 989). 
Thin-section evidence suggests strong persistence of nodules' in fine-textured matrices 
having low hydraulic conductivity and high base status. There are only shallow 
solutional halos into the matrix (Fig. 4-lB) and limited penetration into the surrounding 
clay. Reducing diagenetic fluids will rapidly mobilize Mn, as is witnessed by the 
significant Mn content in secondary diagerietic carbonate cements (Driese and Mora, 
1 993). However, Fe requires significantly lower eH for mobilization (Fig. 4. 1 of 
1 2 1  
A 
Figure 4-1 .  Thin-section views of pedogenic Fe-Mn nodules. A) modem Vertisol, 
Lake Charles series, 80 cm depth; B) Pennington Formation paleosol 2. Both views 
under cross-polarized light. 
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Vepraskis and Faulkner, 2001)  and reduction of either element is inhibited because 
hydrogen ions are neutralized by base-saturated, smectitic clay matrices. 
4.2.2. Depth to Carbonate as Precipitation Proxy 
The composition of pedogenic Fe-Mn nodules provides one way of estimating the 
general hydro logic status of soil, but the power of such proxies in soils outside of the 
Vertisol order may be strengthened by using a second indicator. Depth-to-carbonate­
enriched ( calcic or Bk) horizons (DCH) has been utilized as a proxy for climatic 
conditions in several classic climosequence studies (Jenny and Leonard, 1934; Jenny, 
1 941b; Arkley, 1 963). Secondary carbonate mineral accumulations occur just below 
effective meteoric infiltration. Estimations using DCH are not without problems, as 
comparisons between soils with widely differing textures and primary carbonate mineral 
contents cannot be easily made. Royer (1 999) found a very weak relationship between a 
large data set of depths to top of carbonate horizon derived from the USDA - Natural 
Resource Conservation Service (NRCS) database and mean annual precipitation (MAP; 
r1- = 0.3 1 ;  P <0.001 ). Royer (1 999) suggests more robust correlations may be obtained if 
there is stricter control on edaphic co"nditions within modeled climoseries, such as 
vegetation type, hydraulic conductivies, and precipitation patterns. Data for both Fe-Mn 
nodule compositions and DCH in a series ofVertisol profiles having well-constrained 
pedologic conditions will provide a valid correlative data set to use with similar features 
found in paleo-Vertisols. 
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4. 2. 3. Hypotheses and goals 
Much of the current interest in paleosols is driven by their potential value as climatic 
proxies of ancient environments; paleosol proxies must first be carefully defined in 
modem soil analogues. The bulk geochemistry of Fe-Mn nodules from a modem 
Vertisol climosequence (i.e., a transect of soils for which soil-forming factors are 
constant, except for climate) was examined in this portion of the study. Because of the 
strong precipitation control on both formation and mineralogy of Fe-Mn nodules, 
compositional variations across the climosequence should define, by proxy, differences 
in mean annual precipitation (MAP) for the selected sites. No previous study has 
investigated compositional differences within nodules on a regional climosequence scale, 
nor evaluated whether observed compositional trends persist into the rock record. Nor 
have past studies compared one precipitation estimator such as Fe-Mn nodule 
composition with other such indicators, i.e., DCH. With this in mind, purposes of the 
investigation are: 1 )  to derive a quantitative relationship between MAP and Fe-Mn 
nodule bulk chemistry using modem Vertisols, 2) evaluate its validity in the paleosol 
record by applying it to a suite of paleo-Vertisols for which the paleoclimate and/or 
paleoenvironment have been otherwise constrained, and 3) utilize DCH in combination 
with Fe-Mn nodule composition to estimate paleoprecipitation in one well-preserved 
paleo-Vertisol. 
4.3 Materials and Methods 
4. 3.1 Geologic Setting and Sample Localities 
The setting for this investigation has been described in Chapter 1 and sampling locations 
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for modem Ver tisols are shown in Fig. I - I. Samples for th is inves tiga tion were recovered 
from large soil pi ts (2m w ide , 3-5m long ) transec ting micro to po gra phic features peculiar 
to Ver tisols ( Lynn and Willi ams ,  1992 ), herein re ferred to as microhighs and microlows. 
Bulk soil samples were collec ted a t  10 cm in tervals from microto po graphic pairs to the 
base of each pi t for geochemical a nalysis , and from each pedogenic hor izon for bulk 
densi ty. Paleo-Vertisol Fe -Mn nodules were taken from sample billets previously 
examined by the Universi ty of Te nnessee research group, including mater ials from the 
Maccrady Formation ( Middle Missisippian , West Virgin ia ; S te fan iak e t  al., 1993), 
Penn ing ton Formation ( Upper Mississippian , Tennessee ; Caudill et al . ,  1996), and 
Dunkard Formation ( Lower Permian , Ohio ; Fas tovsky e t  a l., 1995); paleosol loca tions 
are shown in Figure 4-2 . 
4. 3. 2 Geochemical Analysis 
Modem Ver tisol Fe-Mn nodules (0.125 -2 mm ) were visually separa ted from the coarse 
frac tion of bulk samples shaken ove rnight in buffered Calgon solu tion . Nodules in 
paleosols were drilled out of bille ts using a ceramic dental drill bi t. The <2mm nodule 
size may be tter re flec t pedogenic hydrochemical conditions , as larger nodules may be 
relic t. Collec ted nodules were then diges ted in a HF- HCL- HNO3 solution in a microwave 
oven to ach ieve to tal dissolution (Nadkarni, 1984 ). The extracts were analyzed us ing a 
Thermo Jarrel Ash model I CA P  6 1  ( Thermo Jarrel Ash Cor p., Fra nklin , Massachusetts )  
with in ternal checks for extrac tion recovery (accuracy ±2 .2%) and instrumental e rror 








Figure 4-2. Paleosol sampling locations: 1 - Dunkard Group, 2- Pennington 
Formation, 3 - Maccrady Formation. 
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Depth-to-carbonate horizon data used to determine the relationship with mean annual 
precipitation (MAP) were taken from field descriptions (Table A l -1 )  and the NRCS 
databases for these soils, which are available to the public at under the NRCS field pedon 
code listed with each profile in Table Al-1 at the National Soils Laboratory website 
found at www.iastate.statlab/soils. 
4.4 Results and Discussion 
4.4. 1 Variation of Total Iron with Precipitation 
The mean total Fe (Fernr) content of nodules from eight modem Vertisol profile sets (i.e., 
microhigh-microlow pairs) increases linearly with increasing MAP (Fig. 4-3A). Nodules 
from the wettest profiles have Feror in the range 21 .3 to 28.4 wt %, whereas the driest 
profiles have Fernr of about 3 wt % (elemental compositions are given in Table A4-1 in 
the appendix). The MAP data are from the nearest recording station to each profile set 
location. The range of Feror within any given profile (up to 24 samples at 1 0  cm 
intervals) was limited, typically varying by only 1 .8 wt% about the profile mean. Total 
Mn (Mnrnr) shows an inverse relationship to MAP, although this trend is subdued 
compared to Fernr trends. Statistical separation ofFeror to Mnrnr ratios using Duncan's 
Multiple Range yielded three MAP "climozones ", which correlate to the modem Vertisol 
series moisture regimes: <900 mm (Victoria series; ustic), 900-1200 mm (Laewest and 
Lake Charles series; ustic to udic), and > 1200 mm (League series; udic to aquic; data 
shown in Table A4-2). Regression analysis of mean Feror values for nodules versus 
MAP from each site yielded a regression equation ofFeror = -1 5.51  + 0.027 MAP (-? = 





















































































































































































































































































































































































































































































































































nodule FernT gives an equation of MAP = 654.38 + 31.52 FeToT (Fig. 4-3B). 
To test the regression relationship, the predictive equation was applied to previously 
published Fe-Mn nodule data reported for a Burleson series Vertisol pedon near College 
Station, Texas, formed on 1 6  ka Brazos River alluvium (White and Dixon, 1 996). Mean 
nodule FernT in the Burleson soil was 1 1 .61 ± 0.26 wt %, yielding an MAP estimate of 
1020 ± 8 mm (Fig. 4-3B), within 3.5% of the actual measured 985 mm MAP for the 
nearest recording station. 
4. 4. 2 Proxy for Paleoprecipitation 
Previous workers identified examples of Paleozoic paleo-Vertisols for which the paleosol 
moisture regime can be inferred, on the basis of interpretive features in the paleosols as 
well as the enclosing stratigraphy (Table 4-1 ). All of these paleosols contain Fe-Mn. 
nodules, which were analyzed for FeT0Tcontent. These analyses and the linear 
relationship derived from modem Vertisols were used to determine paleoprecipitation 
estimates for the paleo-Vertisols (Fig. 4-3B). Post-pedogenic transformation of goethite 
to hematite, other constituents being equal, would produce slightly larger FeToT in the 
paleosol nodules and, thus, slightly higher predicted MAP. No corrections were applied 
to the paleosol data presented here. 
Nodule composition in a paleosol in the Maccrady Formation (mean F�OT = 20.9 wt %), 
interpreted to have formed under conditions of relatively high soil moisture and relatively 
wet paleoclimate compared to the other paleosols examined, had a predicted MAP of 
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Table 4-1. Paleosol outc rop fea tures and paleocli mate in terpreta tion 
Group or Age Interpretive features Estimated paleoclimatic regime and 
formation (Ma) corresponding Yertisol series 
Maccrady 350-353 High sinousity channel fills Udic-Aquic regime (soil moisture not 
Fm. Abundant coal measures seasonally limited); League series 
Strongly gleyed fabric 
Pennington Fm. 332-335 Paleokarst Udic regime with some seasonal 
(PI )  Limited coal measures limitations; Lake Charles series 
Pennington Fm. 332-335 Evaporite pseudomorphs Udic-Ustic regime (noticeable seasonal 
(P2) Sabkha-type restricted moisture deficit); Laewest series 
basins 
Dunkard Grp. 280-292 Extensive red beds Ustic regime (seasonal to constant 
Absence of plant traces moisture deficit); Victoria series 
1 314 mm, roughly equivalen t to the League series of eas tern Texas . Nodules in 
Pennington Formation paleosols ( two examples , mean Fe TOT = 14 .7 & 10 .6 w t%, 
respec tively), in te rpreted to have formed in humid to semi-arid paleoenvi ronmen ts, had 
p redic ted MAP values of 1117 and 989 mm, equivalen t to the Lake Cha rles and Laewes t 
se ries , respec tively. The Du nka rd Format1on paleosol nodules (mean FeroT = 6 .1 w t%) 
p redic ted MAP of 846 mm, equivalen t to the Vic toria series . On the ba sis of various 
paleosol and s trati graphic in terpretive fea tures ,  these paleosols formed under the d ries t 
condi tions . Thus, in each case , the MAP predic ted by FeroT in pedogenic Fe- Mn nodules 
from paleo-Vertisols , a proxy quantified in analogous modern soils, corresponds well 
wi th independently derived in terp re ta tions of the paleoclimate and ancien t soil mois ture 
reg ime. 
4. 4. 3 Comparison with Depth to Pedogenic Carbonate Horizons 
Using field descriptions from the Vertisol microlow p rofiles and MAP da ta fo r  the 
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Figure 4-4. Mean annual precipitation as a function ofDCH in modem Vertisol 
microtopographic positions. *** indicates significance at P 2'.: 99%. 
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defined. This relationship is expected to be strong because of tightly constrained parent 
material and soil texture across the Vertisol climosequence. Measurements from both 
microhighs and microlow profiles show strong linear relationships From this data set, 
primary regression equations ofDCH = -75.54 + 0.1 9  MAP (r = 0.96, P<0.001 )  for 
microlows and DCH = -337.50 + 0.36 MAP (r = 0.90, P<0.001 )  for microhighs, were 
obtained. Rearranged to predict MAP from DCH, the linear relationship i? MAP = 
418.67 + 4.97 microlow DCH and MAP = 954.03 + 2.49 microhigh DCH (Fig. 4-4). 
Microlows show their conservative nature, as MAP required for surface expression of 
pedogenic carbonate are less than half that shown in the microhigh relationship ( 4 19  mm 
vs 954mm). The intercept of the microlow linear regression is similar to Jenny and 
Leonard's (19 34) relationship of 420.2 + 2.32DCH derived from 1 04 samples taken 
along a climatic gradient from eastern Colorado to central Missouri. Microhighs had 
functional slopes similar to the equations summarized in Royer (1 999), which ranged 
from 1 . 1 9  to 3.73, and steeper slopes in the microlows are most likely an expression of 
the low hydraulic conductivities of smectitic clays, which tend to concentrate in these 
features. 
Two problematic aspects ofDCH proxies in paleosols are erosional truncation and/or 
compaction, which decreases apparent DCH and leads to underestimation of 
paleoprecipitation. Paleo-Vertisol microlows are less likely to be eroded, because of 
their low relief and higher overall clay content, thus, the microlow DCH curve is more 
useful for paleo-Vertisol paleoprecipitation estimates. Using the paired comparison of 
DCH and Fe-Mn nodule composition should clarify some of these confusing post-
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p edog enic fac tors. W ith in th e Pa leozo ic pa leo-V ertiso l da tabas e, on ly P enning ton 
Formation pa leoso l  2 pres erves a micro low pro file that  is cons id ered comp lete ( Caud ill et 
a l., 1996 ). A c ross -ch eck o f  both (pa leo )p rec ip ita tion p roxies is thus poss ib le. Caud ill et 
a l. (1996 ) noted pre-buria l D C H  o f  100 cm and es timated pa leop rec ip ita tion to ha ve b een 
648 ± 141 mm, on th e bas is o f  R eta llack's (1994 ) rela tionsh ip and accounting for an 
es tima ted 10% compac tion. Th is es timate would b e  revis ed to 916 mm if th e mod em 
Vertiso l regress ion rela tionsh ip is us ed ( F ig .  4 -5 ). Pa leoprec ip ita tion bas ed on th e F eToT 
of  F e- Mn nodules in th is s ame pa leoso l was 989 mm, w ithin 8% o f  th e D C H  es timate. 
Th is c ross-ch eck sugges ts that  D C H  may indeed "wo rk," p ro vid ed tha t a rela tionsh ip is 
derived in ana logous mod em so ils and th ere has b een comp lete p res ervation o f  th e so il 
(now pa leoso l) pro file, and it furth er rein fo rc es th e va lu e o f  F e- Mn nodule chemis try as a 
pa leohydro logy ind ica tor. 
4.4.4  Determining Paleosol Erosion 
Whole F e-Mn nodu le compos itions do not exh ib it la tera l or  d ep th trends , va rying on ly 
s lightly about th e who le p edon mean . Thus , nodu les co llected from any pa rt o f  a 
truncated pa leoso l yield F �oT - MAP  proxy data. In cas es wh ere pa leoso ls conta in 
p edogenic carbonates ,  F ernT - MAP  proxy can b e  us ed in comb ina tion with the p res erved 
D C H  to reconstruct o rig ina l pa leoso l thickn ess. Such information is us eful wh en 
d eter mining p edog enic ma turi ty - ind ica tive o f  exposure time and c limatic intens ity -
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4.5 Conclusions 
Iron-manganese nodules, present in many fine-textured modem soils and preserved 
paleosols, provide an excellent and robust paleoclimate proxy. The FernT content of 
these nodules is easily analyzed and has a linear relationship with MAP that translates 
well between the modem and ancient setting, provided that the soil type is analogous. 
Paleo-Vertisol precipitation regimes estimated from this proxy agree well with 
paleoenvironmental interpretations based on a range of soil textural and mineralogical 
and stratigraphic evidence. Paleoprecipitation estimates based on Fe-Mn nodules can be 
used to reconstruct the original DCH and thus provide a mechanism for determining the 
extent of paleosol erosion. 
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Chapter 5 
Overall Conclusions and Future Research 
5.1 Modern Climosequence Vertisols - What Do They Tell Us? 
The primary purpose of this research was to determine baseline Vertisol geochemical 
trends in a well-constrained pedogenic setting that may serve as a comparative baseline for 
understanding the pedogenic environment of Appalachian paleo-Vertisols. A secondary 
purpose was to test mass-balance applications to soils formed in complex fluvio-deltaic 
deposits analogous to many of the parent sediments of paleo-Vertisols. The final goal was 
to ascertain whether geochemical signatures formed in response to climatic forcing and 
easily deduced from modem Vertisol data, could be translated for applications to paleo­
Vertisols, to give finer resolution to paleoclimate reconstructions. 
The Texas climosequence Vertisols revealed a relatively straight-forward picture of.their 
pedogenic behavior. Essentially, these soils have reached a relative steady state within 
their formational environment, and differences in geochemical trends between pedons are 
signatures of hydrogeochemical and physical actions under the long-term influences of 
climate. Despite discernible differences in sedimentary material from different fluvial 
sources, the overall power of mass-balance comparison is supported by the similarity in 
geochemical compositions of deep parent material samples, as well as the conservative 
behavior of the strain-indicator element, titanium (Ti), within the profiles. Deciding which 
element to use as a strain indicator is an important step and preliminary examination of 
thin-sections and individual heavy mineral grains assists in the choice. Textural 
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classification based on surface features of the minerals which concentrate the indicators 
helps with the decision, but in lithified paleo-Vertisols, thin-section examination must be 
carried out to ensure proper choice. 
The mass-balance trends show that these soils behave conservatively, losing only an 
average of 1 5% of their total volumetric elemental content over the extent of their 
pedogenic exposure (35 ka). Translocation of most elements is ascribable to precipitation 
regime (MAP), and patterns of translocation with depth of individual elements can be 
grouped into broader categories of elements which behave in similar fashion. Some 
elements, such as phosphorus (P), are lost completely in the super-active solum, but are 
retained at depth. Can these fine-resolution geochemical trends can be discerned in paleo­
Vertisols? Presently, trends in net mass flux can only discern two broad MAP regimes, 
above or below 900 mm. More useful tools may indeed be pedogenic minerals such as 
pedogenic carbonate and the small glaebular iron-manganese (Fe-Mn)nodules, which 
apparently capture evidence of pedogenic conditions, and hold it in translatable form 
through advancing pedogenesis and eventual burial diagenesis. 
5.2 Future research 
The work ahead involves looking in more detail at the climosequence components, fine­
tuning the mass-balance methodology, and comparing the baseline data with paleo­
Vertisols and other modem soil types. 
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5.2.1 Strain elements 
The two most problematic issues presently plaguing the validity of mass-balance 
relationships are: 1 )  which elements behave truly conservatively in weathering profiles 
regardless of composition and textural considerations and 2) how can true protolith or 
parent material composition be resolved, particularly in complex fluvial and alluvial 
depositional systems? With increasingly sensitive analytical capability, more and more 
elements can be routinely assessed with greater accuracy. Recent studies (Hill et al., 
2000, and Kurtz et al., 2000) have already suggested the use of rare earth or trace 
elements such as yttrium(Y), niobium (Nb), and tantalum (Ta), elements not normally 
quantified in soil analyses, as ideal indicators of weathering intensity and protolith 
volumetric loss. Where do these elements lie within the mineralogical framework of the . 
weathering profile? Brimhall et al. (1991b) suggested that these elements may be found in 
zircon, but this is not yet substantiated. There is some indication that these elements may 
be associated with iron (Fe) oxides, and are thus susceptible to relocation in profiles within 
secondary Fe oxyhydroxide minerals. The stable thermodynamics of the transition (4d) 
elements suggests they will reside within the mineral phase until total disintegration, and it 
is an intuitive suggestion that these grains will become finer and finer with age. No studies 
have been carried out to discern the size fraction in which most potentially immobile 
elements reside, and whether or not the overall trend of element accumulation is a function 
of true volume loss or gain, or a relict of particle size distribution. 
Protolith, or parent material, composition will always be problematic in alluvial settings. 
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Alluvial parent materials are nearly impossible to ascertain on an absolu te basis , as the 
materials have undergone numerous phases of reworking prior to deposi tions . In 
conducting regional compa risons such as this , s ta tis tical cons train ts are a necessary pre ­
requisi te ,  to min imize the di fferences wh ich may be caused by localized events .  A 
sugges tion for any s tudy in wh ich paren t material compositions may be questionable is to 
ta ke several samples from throughout the exten t of the deposi t s tudied and derive a 
composi te proxy. 
Three sugges tions for future research in this area can be made . Firs t, further analysis of 
cl imosequence whole soil samples for trace elements such as Y, Nb, Ta , and the rare e arth 
elements (REE )  may de te rmine if any of these elements are more e ffective a t  de termining 
volumetric losses and translocation , and if their behavior is comparable to Ti-based trends . 
The second e ffort would involve similar analysis on size-frac tion separa tes from the same 
soil samples , to de term ine wh ich size frac tion predominantly controls strain and whether 
the stra in expressed is a tr ue volume ch ange or an artifac t  of particle-size distribution . 
Finally, the t hird e ffort would determine if the size frac tions are truly represen ta tive of the 
soil i tsel f, or indica te exotic introductions , simila r to the s tudy conducted by Brimhall e t  al . 
( 1991b). This projec t would involves exam ining sil t- and sand-sized frac tions from 
shallow and deep domains to de termine any fundamental differences in the geochemistry. 
Th is analysis might include chronometric measurements and electron microprobe analysis 
of individual grains , w ith the idea that  if the wea thering profile is indeed uniform 
throughout, then trace element geochemis try and general age will show low va riance 
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within the profile. 
5. 2 .  2 Mass Balance Relationships 
No attempt was made in this study to compare the translocation trends found in the 
climosequence with paleosol data. This is a necessary next step. With the assistance of 
the Fe-Mn nodule paleoprecipitation and the depth-to-carbonate-enriched horizons (DCH) 
relationships defined in Chapter 4, the mass-balance trends of paleosols containing these 
features may be compared with modem analog baselines presented in Chapter 3. The Fe­
Mn I DCH depth reconstruction process resolves the problem of mass-balance depth 
functions being rendered useless due to post-pedogenic paleosol erosion and truncation. 
Thus, a whole series of comparisons can begin. First, which mass-balance trends are best 
preserved in the paleosols? One-to-one comparisons of elemental trends between 
paleosols and analog climosequence Vertisols can proceed once Fe-Mn nodule 
paleoprecipitation and DCH depth reconstruction are resolved. The most important 
finding here would be to determine post-pedogenic/diagenetic changes which occur in the 
paleosols. 
Another implication for future research efforts lies in the utility of net mass-flux 
assessments in different soil types. The net mass-flux analysis in this study indicates that 
Vertisols are geochemically conservative soils, losing only around 1 6% or their total 
parent material compositions. Caudill et al. (1997) demonstrated that paleo-Vertisols are 
conservatively compacted in the rock record. Are Vertisols the most conservative soil 
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order? With more studies of surface processes relying on net mass flux assessments, it 
will soon be possible to compile comparisons of different soils orders with respect to 
elemental translocations. For example, silicon (Si) is conservative in the Vertisols 
measured in this study, losing no more that 10.6% within any one profile (Table 3-3), yet 
Si has been shown to be lost to a much greater extent in Costa Rican Andisols (up to 93% 
of parent composition; Nieuwenhuyse and van Breeman, 1 997) and in California coastal 
Alfisols (around 50% of parent composition; Chadwick et al., 1 990). Perhaps the 
conservative nature ofVertisols is a relict of their derivation from reworked alluvial 
material. It would be useful to study a set ofVertisols formed in residuum, such as those 
formed on basalt in India or central Africa. This might also help with the previously 
mentioned research efforts involving strain analysis - as the residual soils should not 
experience extensive overwash additions. 
Vertisols are currently being submerged by gradually rising sea levels along the Texas Gulf 
Coast (Wes Miller, personal communication, 2000), permitting an expansion of modem 
analog studies to evaluate the effects of early post-pedogenic effects of sea-water 
incursion. Many occurrences ofpaleo-Vertisols in the Appalachian Foreland Basin 
successions are overlain by transgressive marine surfaces. The mass-balance trends noted 
in this study may serve as baselines to determine the effects of post-pedogenic marine 
influences on the Vertisols as they began the transformation from soils to palesols. 
Three efforts for further study using mass-balance relationships are presented here. First, 
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comparison of mass-balance trends in reconstructed paleo-Vertisols with their modern 
analogs to determine post-pedogenic alterations. Secondly, net mass-flux comparisons 
between the alluvially-derived climosequence Vertisols with residually-derived Vertisols, 
and the overall comparison ofVertisol geochemical conservation with mass-flux trends 
found in other soil types. Finally, determining mass-balance relationships within Vertisols 
being invaded by sea water along the Texas Gulf Coast will give greater insight into early 
post-pedogenic effects, and may help to prove the conservative nature of these soils. 
5. 2.3 Iron-Manganese Nodule Geochemistry 
The finding that Fe-Mn nodule Fe composition can serve as a proxy for precipitation 
regime lays the groundwork for much more research. In this study, only the whole nodule 
trends from whole profiles were utilized, but these larger nodules have concentric growth 
habits incorporating other minerals and pores within them. For pedologists, Fe-Mn 
nodules have always been evidence of fluctuating Eh-pH conditions and have been 
otherwise ignored for interpretive power. The preliminary work in this study suggests 
there are much broader applications for these features, which are often found in paleo­
Vertisols. 
Further research efforts involving the Fe-Mn nodules from modern soils include: 1 )  
microscopic examination of internal structure and mineralogical composition; 2) 
Determination of elemental compositions within bands of larger nodules to determine if 
relict paleohydrologic regimes are present; 3) Expanding the comparison to include Fe-Mn 
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nodules from other soil types, such as Ultisols, Andisols, and Alfisols, which have textural 
differences from the clay-rich setting of this investigation. Paleo-nodules could also be 
examined for mineralogic composition and slight geochemical variations within large 
nodule transects. Another aspect of this research effort is documenting the complex 
relationship these features have with pedogenic carbonates. As MAP decreases, the Fe­
Mn nodules in the climosequence are enriched with Mn and alkaline earth elements, 
suggesting that siderite (FeCOJ and rhodochrosite (MnCO3) are more likely to be formed 
than the Fe/Mn-oxyhydroxides found in the wetter MAP soils. 
The integration of all the aspects of this study will strengthen the relationship between 
modern pedology and paleopedology. Using modern analog settings to define what is 
found within the rock record is a basic tenet of the uniformitarianist theory of geology. 
We cannot know what is in the distant past, but we can know what happens within r�cent 
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Table Al-1 :  Pedon Field Descriptions 
Description Date: 5/16/2000 
Soil Series: League 
Site Identification #: 99 LEG 245A L (00TX24500 1° - microlow) 
Location Information 
Soil Survey Area Name: Jefferson County, Texas 
Latitude: 30 degrees 02 minutes 22. 1  seconds North 
Longitude: 94 degrees 1 1  minutes 36.0 seconds West 
Described by: Jon Wiedenfeld 
Classification: fine, smectitic,hyperthermic Oxyaquic Hapluderts 
Microrelief: micro-low 
Ap--0 to 16  cm; very dark gray (2.5Y 3/1 ), clay; weak fine subangular blocky structure; firm, very hard; 
common very fine and fine roots; common fine vesicular pores; 3 percent fine prominent (2.5Y 4/8) 
masses of oxidized iron with clear boundaries lining pores; 6 percent fine prominent yellowish red (5YR 
5/8) masses of oxidized iron with diffuse boundaries lining pores; clear smooth boundary. 
Bss l-16  to 43 cm; black (2.5Y 2.5/1 ), clay; moderate fine and medium subangular blocky structure; firm, 
very hard; common very fine and fine roots; common fine tubular pores; 10  percent distinct black (2.5Y 
2.5/1)  pressure faces; 30 percent distinct black (2.5Y 2.5/ 1 )  slickensides tilted at 20 to 40 degrees from the 
horizontal; 1 percent fine spherical moderately cemented very dark brown (1  0YR 2/2) iron-manganese 
nodules; 1 percent fine faint olive brown (2.5Y 4/3) iron-manganese masses with diffuse boundaries on 
faces ofpeds; 1 percent crayfish krotovinas 2 centimeters wide filled with pale yellow (2.5Y 7/4) clay and 
lined with very dark gray (2.5y 3/1) clay; clear smooth boundary. 
Bss2-43 to 72 cm; very dark gray ( 1  0YR 3/1 ), clay; weak medium wedge structure parts to moderate 
medium angular blocky; firm, very hard; common very fine and fine roots; common fine tubular pores; 55 
percent distinct very dark gray (1  0YR 3/1 )  slickensides tilted at 30 to 50 degrees; 1 percent fine faint olive 
brown (2.5Y 4/3) iron-manganese masses with diffuse boundaries on faces ofpeds; 1 percent fine 
spherical moderately cemented very dark brown ( 1 0YR 2/2) iron-manganese nodules; 2 percent crayfish 
krotovinas 2 centimeters wide filled with pale yellow (2.5Y 7/4) clay and lined with very dark gray(2.5Y 
3/1)  clay;gradual wavy boundary. 
Bss3-72 to 1 04 cm; dark gray ( l OYR 4/1 ), clay; weak fine wedge structure parts to moderate medium 
angular blocky; firm, very hard; few very fine and fine roots; common very fine and fine tubular pores; 60 
percent prominent dark gray ( I 0YR 4/1 )  slickensides tilted at 40 to 60 degrees to the horizontal; I percent 
fine prominent strong brown (7.5YR 5/6) iron-manganese masses with diffuse boundaries on faces of 
peds; 1 percent fine spherical moderately cemented very dark brown (1  0YR 2/2) iron-manganese nodules; 
2 percent crayfish krotovinas 2 centimeters wide filled with pale yellow (2.5Y 7/4) clay and lined with 
very dark gray(2.5Y 3/1) clay; gradual wavy boundary. 
Bss4-- l 04 to 1 1 5 cm; gray ( 1  0YR 5/1 ), clay; weak fine wedge structure parts to moderate medium angular 
blocky; firm, very hard; few very fine roots; few very fine tubular pores; 60 percent prominent gray ( 1  0YR 
5/1 )  slickensides are tilted at 40 to 60 degrees to the horizontal; I percent fine and medium prominent 
strong brown (7 .5YR 5/6) masses of oxidized iron with diffuse boundaries on faces of peds; I percent fine 
0 NRCS (Natural Resources Conservation Service) pedon designation code. 
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spherical moderately cemented very dark brown ( 1  0YR 2/2) iron-manganese nodules; 1 percent fine 
prominent brownish ye11ow (1 0YR 6/6) masses of oxidized iron with diffuse boundaries in matrix 
surrounding redox concentrations; 1 percent crayfish krotovinas 2 centimeters wide filled with pale yellow 
(2.5Y 7/4)clay and lined with dark gray ( l 0YR 4/1 )  clay; gradual smooth boundary. 
Bss5-- l 1 5  to 144 cm; gray (1  0YR 5/1 ), clay; moderate medium wedge parts to moderate medium angular 
blocky structure; firm, very hard; few very fine roots; 45 percent distinct gray (1  0YR 5/1 )  slickensides 
tilted at 40 to 50 degrees to the horizontal; 1 percent fine prominent very dark brown ( IOYR 2/2) 
manganese masses; 5 percent fine distinct light yellowish brown (1  0YR 6/4) masses of oxidized iron with 
clear boundaries on faces of peds; 10  percent fine and medium prominent brownish yellow ( 1 0YR 6/6) 
masses of oxidized iron with clear boundaries on faces of peds; 1 percent crayfish krotovinas filled with 
dark gray(l 0YR 4/1 )  clay; gradual wavy boundary. 
Bss6--144 to 1 56 cm; gray ( I OYR 5/1), clay; weak medium wedge structure parts to moderate medium 
angular blocky; firm, very hard; few very fine roots; 70 percent distinct gray ( I0YR 5/1 ) slickensides tilted 
at 20 to 50 degrees to the horizontal; 1 percent fine prominent dark yellowish brown (1 0YR 4/6) 
iron-manganese masses with sharp boundaries in matrix; 2 percent fine and medium prominent yellow 
( l0YR 7/8) masses ofoxidized iron with diffuse boundaries in matrix; 1 8  percent fine and medium 
prominent yellow(2.5Y 7 /6) masses of oxidized iron with diffuse boundaries on faces of peds; 1 percent 
fine moderately cemented carbonate nodules; 1 percent crayfish krotovinas filled with gray ( 1  0YR 
5/l)clay; gradual smooth boundary. 
Bkssl - 1 56 to 174 cm; gray ( l0YR 6/1 ), clay; weak medium wedge structure parts to moderate medium 
angular blocky; firm, very hard; few very fine roots; 70 percent distinct gray (1 0YR 6/1 )  slickensides tilted 
at 20 to 50 degrees to the horizontal; 3 percent fine and medium prominent yellow (2.5Y 7 /6) masses of 
oxidized iron with diffuse boundaries in matrix; 3 percent fine and medium prominent brownish yellow 
( 1 0YR 6/6) masses of oxidized iron with diffuse boundaries in matrix; 1 percent fine moderately cemented 
carbonate nodules; 1 percent crayfish krotovinas filled with gray ( IOyr 5/1)  clay; strong effervescence; 
clear smooth boundary. 
Bkss2-l 74 to 223 cm; gray (2.5Y 6/1 ), clay; moderate coarse wedge structure parts to moderate medium 
and coarse angular blocky; firm, very hard; few very fine roots; 45 percent distinct gray (2.5Y 6/1 )  
slickensides tilted at 40  to 60  degrees to the horizontal; 1 percent fine black (7.5YR 2.5/ 1 )  manganese 
masses with sharp boundaries in matrix; 1 percent fine prominent reddish yellow (7.5YR 6/6) masses of 
oxidized iron with sharp boundaries around carbonate nodules; 5 percent fine and medium prominent 
yellowish brown ( 1 0YR 5/8) masses of oxidized iron with diffuse boundaries in matrix and 1 0  percent fine 
and medium prominent yellow ( 1 0YR 7 /8) masses of oxidized iron with diffuse boundaries in matrix 
surrounding redox concentrations; 1 percent fine moderately cemented carbonate nodules; 1 percent 
crayfish krotovinas filled with gray ( l 0YR 5/1 )  clay; strong effervescence; gradual wavy boundary. 
B'kssl --223 to 252 cm; light gray (2.5Y 7/1 ), clay; moderate medium and coarse wedge structure parts to 
moderate medium angular blocky; firm, very hard; few very fine roots; 20 percent distinct yellowish 
brown ( IOYR 5/6) slickensides and 70 percent distinct light gray (2.5Y 7/1 )  slickensides tilted at 20 to 45 
degrees to the horizontal; 1 percent medium prominent strong bro\.\-11 (7 .5YR 5/6) masses of oxidized iron 
with sharp boundaries in matrix; 3 percent fine prominent dendritic black ( IOYR 2/1 )  manganese masses 
with sharp boundaries on faces of peds; 5 percent fine and medium carbonate nodules; 1 percent crayfish 
krotovinas filled with gray (1 OYR 5/1 )  clay and few fine calcium carbonate nodules; gradual smooth 
boundary. 
B'kss2-252 to 275 cm; strong brown (7.5YR 5/6), clay; moderate medium and coarse wedge parts to 
moderate medium angular blocky structure; very firm, very hard; few very fine roots; 70 percent distinct 
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light gray (2.5Y 7/1 )  slickensides tilted at 20 to 30 degrees to the horizontal; I percent medium prominent 
strong brown (7 .5YR 5/6) masses of oxidized iron with sharp boundaries in matrix; 3 percent fine 
prominent dendritic black(I 0YR 2/1 )  manganese masses with sharp boundaries on faces ofpeds; I 
percent crayfish krotovinas filled with gray ( I 0YR 5/1 )  clay and few fine calcium carbonate nodules. 
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Description Date: 5/1 6/2000 
Soil Series: League 
Site Identification #: 99 LEG 245A H (00TX24500 1A - microhigh) 
Location Information 
Soil Survey Area Name: Jefferson County, Texas 
Latitude: 30 degrees 02 minutes 22. 1  seconds North 
Longitude: 94 degrees 1 1  minutes 36.0 seconds West 
Described by: Jon Wiedenfeld 
Classification: fine, smectitic, hyperthennic Oxyaquic Hapluderts 
Microrelief: micro-high 
Ap-0 to 1 5  cm; very dark gray (2.5Y 3/1 ), clay; weak medium subangular blocky structure; very firm, 
very hard; common very fine and fine roots; few fine tubular pores; 1 percent very coarse prominent 
yellowish brown ( 1 0YR 5/6) masses of oxidized iron with clear boundaries around carbonate nodules; 3 
percent fine and medium prominent spherical moderately cemented very dark brown (7 .5YR 2/2) 
iron-manganese nodules; 4 percent fine prominent brown (7.5YR 4/4) masses of oxidized iron with clear 
boundaries lining pores; 1 percent medium and coarse weakly cemented carbonate nodules; 5 percent 
crayfish krotovinas filled with very dark gray (2.5Y 3/1) clay; abrupt smooth boundary. 
A-1 5  to 26 cm; black (2.5Y 2.5/1), clay; weak medium subangular blocky structure; very firm, very hard; 
common very fine and fine roots; few fine tubular pores; 1 percent fine prominent brown (7.5YR 4/4) 
masses of oxidized iron with clear boundaries lining pores; 1 percent very coarse prominent yellowish 
brown ( 1 0YR 5/6) masses of oxidized iron with clear boundaries around carbonate nodules; 3 percent fine 
and medium prominent spherical moderately cemented very dark brown (7.5YR 2/2) iron-manganese 
nodules; 20 percent medium distinct light olive brown (2.5Y 5/3) masses of oxidized iron with clear 
boundaries throughout; 1 percent medium and coarse weakly cemented carbonate nodules; 5 percent 
crayfish krotovinas filled with very dark gray (2.5Y 3/1 ) clay; clear wavy boundary. 
Bkg--26 to 46 cm; grayish brown (2.5Y 5/2), clay; moderate fine and medium angular blocky structure; 
very firm, very hard; common very fine and fine roots; few fine tubular pores; 1 0  percent prominent 
grayish brown (2.5Y 5/2) pressure faces; 2 percent very coarse prominent brownish yellow ( 1 0YR 6/8) 
masses of oxidized iron with clear boundaries around carbonate nodules; 2 percent fine and medium 
prominent spherical moderately cemented very dark brown (7.5YR 2/2) iron-manganese nodules; 4 
percent fine prominent brown (7 .5YR 4/4) masses of oxidized iron with clear boundaries throughout; 5 
percent medium distinct light olive brown (2.5Y 5/6) masses of oxidized iron with clear boundaries 
throughout; 2 percent medium and coarse weakly cemented carbonate nodules with a thin soft shell and a 
hard interior; 5 percent crayfish krotovinas filled with very dark gray (2.5y 3/1 )  clay; gradual wavy 
boundary. 
Bkssgl --46 to 67 cm; grayish brown (2.5Y 5/2), clay; moderate fine and medium wedge structure parts to 
moderate fine and medium angular blocky; very firm, very hard; few very fine and fine roots; few fine 
tubular pores; 20 percent distinct grayish brown (2.5Y 5/2) slickensides tilted at 1 0  to 25 degrees from the 
horizontal; 75 percent prominent grayish brown (2.5Y 5/2) pressure faces; 2 percent fine and medium 
prominent spherical moderately cemented very dark brown (7.5YR 2/2) iron-manganese nodules; 2 
percent very coarse prominent brownish yellow (1 0YR 6/8) masses of oxidized iron with clear boundaries 
around carbonate nodules; 20 percent medium distinct light olive brown (2.5Y 5/6) masses of oxidized 
iron with clear boundaries throughout; 1 percent medium and coarse moderately cemented carbonate 
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nodules with a thin soft shell and a hard interior; 5 percent crayfish krotovinas filled with very dark gray 
(2.5Y 3/1) clay; gradual wavy boundary. 
Bkssg2--67 to 96 cm; gray (2.5Y 5/1 ), clay; moderate fine and medium wedge structure parts to moderate 
fine and medium angular blocky; very firm, very hard; few very fine and fine roots; few fine tubular pores; 
35 percent prominent gray (2.5Y 5/1 )  slickensides tilted at 30  to 35 degrees from the horizontal; 65 
percent prominent gray (2.5Y 5/1 )  pressure faces; 2 percent medium distinct light olive brown (2.5Y 5/6) 
masses of oxidized iron with sharp boundaries throughout; 2 percent fine and medium prominent 
spherical moderately cemented very dark brown (7.5YR 2/2) iron-manganese nodules; 20 percent medium 
prominent brownish yellow ( I 0YR 6/8) masses of oxidized iron with clear boundaries around carbonate 
nodules with a thin soft shell and a hard interior; 1 percent medium and coarse weakly cemented 
carbonate nodules; 5 percent crayfish krotovinas filled with dark gray (2.5y 4/1 )  clay; gradual wavy 
boundary. 
Bkssg3--96 to 120 cm; gray (2.5Y 5/1 ), clay; moderate medium and coarse wedge structure parts to 
moderate fine and medium angular blocky; very firm, very hard; few very fine and fine roots; few very 
fine tubular pores; 20 percent prominent gray (2.5Y 5/1 )  slickensides tilted at 30  to 40 degrees from the 
horizontal; 80 percent prominent gray (2.5Y 5/1 )  pressure faces; 1 percent very coarse prominent 
brownish yellow ( I 0YR 6/8) masses of oxidized iron with clear boundaries around carbonate nodules; 2 
percent fine and medium prominent spherical very weakly cemented brown (7.5YR 4/4) iron-manganese 
nodules; 5 percent medium prominent light olive brown (2.5Y 5/6) masses of oxidized iron with clear 
boundaries throughout; 20 percent medium distinct light olive brown (2.5Y 5/4) masses of oxidized iron 
with clear boundaries throughout; 1 percent medium and coarse weakly cemented carbonate nodules with 
a thin soft shell and a hard interi.or; 5 percent crayfish krotovinas filled with dark gray (2.5Y 4/1 )  clay; 
gradual wavy boundary. 
Bkssg4--1 20 to 1 54 cm; dark gray (2.5Y 4/1 ), clay; moderate medium and coarse wedge structure parts to 
moderate fine and medium angular blocky; very firm, very hard; few very fine roots; few very fine tubular 
pores; 35 percent prominent dark gray (2.5Y 4/1 )  slickensides tilted at 20 to 40 degrees from the 
horizontal; 65 percent prominent dark gray (2.5Y 4/1 )  pressure faces; 1 percent very coarse prominent 
brownish yellow ( 1  0YR 6/8) masses of oxidized iron with clear boundaries around carbonate nodules; 2 
percent fine prominent light olive brown (2.5Y 5/6) masses of oxidized iron with clear boundaries 
throughout; 1 2  percent fine and medium prominent spherical very weakly cemented black ( l 0YR 2/1 )  
iron-manganese nodules; 1 2  percent medium prominent brown (7.5YR 4/4) iron-manganese masses with 
clear boundaries in matrix surrounding redox concentrations; 20 percent medium distinct light olive 
brown (2.5Y 5/4) masses of oxidized iron with clear boundaries throughout; 1 percent medium and coarse 
weakly cemented carbonate nodules; 1 0  per�ent crayfish krotovinas filled with very dark gray (N 3/) clay; 
gradual wavy boundary. 
Bkssg5-1 54 to 1 73 cm; gray (2.5Y 5/1 ), clay; moderate coarse wedge parts structure to moderate medium 
and coarse angular blocky; very firm, very hard; few very fine roots; few very fine tubular pores; 25 
percent prominent gray (2.5Y 5/1 )  slickensides tilted at 25 to 45 degrees from the horizontal; 75 percent 
prominent gray (2.5Y 5/1 ) pressure faces; 1 percent fine prominent spherical very weakly cemented dark 
yellowish brown ( 1 0YR 4/6) iron-manganese nodules; 5 percent medium prominent yellowish brown 
( I  0YR 5/6) masses of oxidized iron with clear boundaries around rock fragments; 20 percent medium 
prominent light olive brown (2.5Y 5/6) masses of oxidized iron with clear boundaries throughout; 5 
percent medium strongly cemented carbonate nodules; I percent medium carbonate masses with hard 
centers; 5 percent crayfish krotovinas filled with very dark gray (N/3) clay; very slight effervescence; 
gradual wavy boundary. 
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Bkssg6-- l 73 to 1 95 cm; gray (2.5Y 5/1 ), clay; moderate coarse wedge structure parts to moderate medium 
and coarse angular blocky; very firm, very hard; few very fine roots; few very fine tubular pores; 25 
percent prominent dark gray (2.5Y 4/1 )  slickensides tilted at I O  to 40 degrees from the horizontal; 75 
percent prominent dark gray (2.5Y 4/1 )  pressure faces; 1 percent very coarse prominent strong brown 
(7.5YR 4/6) masses of oxidized iron with clear boundaries around carbonate nodules; 3 percent coarse 
distinct very dark grayish brown (2.5Y 3/2) iron-manganese masses with clear boundaries in matrix 
surrounding redox concentrations; 1 percent black (2.5Y 2/1 )  iron-manganese masses with sharp 
boundaries throughout; 20 percent medium prominent light olive brown (2.5Y 5/6) masses of oxidized 
iron with clear boundaries throughout; 3 percent medium and coarse carbonate nodules; 5 percent crayfish 
krotovinas filled with very dark gray (N/3); slight effervescence clear wavy boundary. 
Bkssg7-- 1 95 to 220 cm; light gray (SY 7/1 ), clay; moderate medium and coarse wedge structure parts to 
moderate coarse angular blocky; very firm, very hard; few very fine roots; few very fine tubular pores; 10  
percent prominent light gray (SY 7/1 )  slickensides tilted at 30 to 60  degrees from the horizontal and are 
well developed; 75 percent prominent light gray (SY 7/1 )  pressure faces; 1 percent coarse prominent 
brown (7.5YR 4/4) masses of oxidized iron with clear 
boundaries around carbonate nodules; 5 percent fine and medium strongly cemented carbonate nodules; 7 
percent crayfish krotovinas filled with dark gray (2.5Y 4/1 )  clay; strong effervescence; clear smooth 
boundary. 
Bkssg8-220 to 270 cm; light gray (SY 7/1 ), clay; weak very coarse wedge structure parts to strong very 
coarse angular blocky structure; very firm, very hard; few very fine roots; few very fine tubular pores; 20 
percent prominent light gray (SY 7/1)  slickensides tilted at 20 to 60 degrees from the horizontal;; 80 
percent prominent light gray (SY 7/1 )  pressure faces; 15 percent fine and medium prominent spherical 
very weakly cemented black ( 1 OYR 2/1 )iron-manganese nodules; 20 percent medium prominent strong 
brown (7 .5YR 5/6) masses of oxidized iron with clear boundaries throughout; 1 percent fine and medium 
strongly cemented carbonate nodules; 7 percent crayfish krotovinas filled with gray (2.5Y 6/1 )  clay; very 
slight effervescence; clear smooth boundary. 
Bss--355 to 390 cm; strong brown (7.5YR 4/6), clay; moderate fine and medium angular blocky structure 
that is concoidally fractured and rock-like; very firm, very hard; few very fine roots; 1 percent prominent 
light gray (SY 7/2) slickensides tilted at 25 to 45 degrees from the horizontal; 1 0  percent prominent light 
gray (SY 7/2) pressure faces; 4 percent fine and medium prominent spherical very weakly cemented black 
(1 OYR 2/1 )  iron-manganese nodules; 10  percent medium prominent dark gray ( IOYR 4/1 )  iron depletions 
with clear boundaries throughout; I O  percent medium prominent reddish brown (5YR 5/4) masses of 
oxidized iron with clear boundaries throughout; 40 percent medium prominent light gray (SY 7/2) iron 
depletions with clear boundaries throughout; 3 percent crayfish krotovinas filled with gray (2.5y 6/1 )  and 
cupped with very dark gray (I Oyr 3/1 )  clay; slight effervescence. 
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Lake Charles Series Pedon Descriptions 
Description date: 6/24/1 999 
Soil Series: Lake Charles 
Site Identification #: 99 LAC 201 L (99TX201001 - microlow) 
Location Information 
Soil Survey Area Name: Harris County, Texas (Armand Bayou) 
Latitude: 29 degrees 35  minutes 40 seconds North 
Longitude: 95 degrees 04 minutes 14 seconds West 
Described by: Lee Nordt and Jon Wiedenfeld 
Classification: Fine, smectitic, hyperthermic Aquic Hapludert 
A--0 to 16  cm; very dark gray ( l0YR 3/1 ) clay; weak fine and medium subangular blocky structure; firm, 
very sticky and very plastic; many very fine and fine roots; common very fine and fine interstitial pores; 
few fine pores filled with coarse material; few active unfilled krotovinas 1 to 5 cm wide; 3 percent fine 
distinct brown (7.5YR 4/4) iron concentrations with sharp boundaries along root pores linings; few fine 
iron-manganese nodules; clear smooth boundary. 
Bw-16 to 44 cm; black (2.5Y 2/1 )  clay; weak medium prismatic structure parting to moderate medium 
and coarse angular blocky; firm, very sticky and very plastic; common very fine and fine roots; common 
fine tubular pores; very few faint intersecting slickensides; very few distinct pressure faces; 1 percent fine 
prominent strong brown (7 .5YR 5/6) iron concentrations with clear boundaries along root pore linings; 1 
percent fine faint gray (2.5Y 5/1) iron depletions with clear boundaries on surfaces of peds; few fine and 
medium iron-manganese nodules; gradual smooth boundary. 
Bss 1-44 to 65 cm; dark gray (2.5Y 4/1 )  clay; moderate medium prismatic structure parting to moderate 
medium angular blocky; firm, very sticky and very plastic; common very fine and fine roots; common fine 
tubular pores; common distinct intersecting slickensides that tilt 30 to 45 degrees from the horizontal; 3 
percent fine prominent yellowish red (5YR 5/6) iron concentrations with sharp boundaries along root pore 
linings; few medium iron-manganese nodules; gradual wavy boundary. 
Bss2--65 to 88 cm; dark gray (2.5Y 4/1)  clay; weak coarse prismatic structure parting to moderate 
medium angular blocky; firm, very sticky and very plastic; common very fine and fine roots; common very 
fine and fine tubular pores; common distinct intersecting slickensides that tilt 35 to 55 degree from the 
horizontal; 10  percent fine faint light yellowish brown (2.5Y 6/3) iron concentrations with diffuse 
boundaries on surfaces ofslickensides and peds; 3 percent fine faint gray (2.5Y 5/1 )  iron depletions with 
clear boundaries on surfaces of slickensides and peds; few medium iron-manganese nodules; gradual wavy 
boundary. 
Bss3--88 to 1 1 7 cm; gray (2.5Y 5/1 )  clay; moderate medium angular blocky structure; very firm, very 
sticky and very plastic; common fine roots; very fine and fine tubular pores; few crawfish krotovina 1 to 5 
cm wide filled with grayish brown (2.5Y 5/2) and very dark gray (2.5Y 3/1) material; few active unfilled 
krotovinas; common distinct intersecting slickensides that tilt 40 to 55 degrees from the horizontal; 1 5  
percent fine faint light yellowish brown (2.5Y 6/3) and 3 percent fine and medium distinct light yellowish 
brown (2.5Y 6/4) iron concentrations with diffuse boundaries on surfaces and interiors ofpeds; few fine 
and medium iron-manganese nodules; clear wavy boundary. 
Bss4-1 l 7 to 1 5 1  cm; light brownish gray (2.5Y 6/2) clay; moderate medium angular blocky structure; 
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very firm, very sticky and very plastic; common fine roots; very fine and fine tubular pores; few crawfish 
krotovinas 1 to 5 cm wide filled with grayish brown (2.5Y 5/2) and very dark gray (2.5Y 3/1 ) material; 
common distinct intersecting slickensides that tilt 30 to 40 degrees from the horizontal; 1 5  percent fine 
and medium faint light yellowish brown (2.5Y 6/4) iron concentrations with diffuse boundaries on 
surfaces of slickensides and on interiors of peds; I percent fine distinct greenish gray ( 5BG 6/1 )  iron 
depletions with diffuse boundaries on surfaces of slickensides and on interiors of peds; few fine and 
medium iron-manganese nodules; clear wavy boundary. 
Bkss l - 1 5 1  to 1 77 cm; light yellowish brown (2.5Y 6/3) clay; weak medium and coarse subangular blocky 
structure; very firm, very sticky and very plastic; common fine roots; very fine and fine tubular pores; few 
craw.fish krotovinas 1 to 5 cm wide filled with yellowish red (5YR 5/6) and very dark gray (2.5YR 3/1 )  
material; common distinct intersecting slickensides that tilt 30  degrees from the horizontal; 5 cm wide 
arcing yellowish red (5YR 5/6) clay intrusion from Bkss2 horizon; 3 percent fine faint gray (2.5Y 5/1 ) 
iron depletions with clear boundaries on surfaces of slickensides; less than 1 percent fine prominent strong 
brown (7.5YR 5/6)iron concentrations with diffuse boundaries along surfaces of slickensides and as a halo 
around manganese nodules; 1 percent fine faint greenish gray (5BG 6/1 )  iron depletions with sharp 
boundaries along root pore linings; common fine rounded strong brown (7 .5YR 5/6) iron-manganese 
concretions; few fine nodules of calcium carbonate; slightly effervescent; gradual smooth boundary. 
Bkss2-l 77 to 2 1 2  cm; reddish brown (5YR 5/4) clay; weak coarse subangular blocky structure; very firm, 
very sticky and very plastic; very few very fine and fine roots; very fine and fine tubular pores; few 
crawfish krotovinas filled with dark gray (IOYR 4/1)  and reddish brown (5YR 5/4) material; common 
faint intersecting slickensides that tilt 20 degrees from the horizontal; 7 percent fine prominent gray (2.5Y 
6/1 )  iron depletions with clear boundaries on surfaces of slickensides; 1 percent fine prominent greenish 
gray (5BG 6/1 )  iron depletions along root pore linings; 1 percent fine prominent light yellowish brown 
(1 OYR 6/4) iron concentrations with diffuse boundaries between peds; common fine nodules of calcium 
carbonate; strongly effervescent; gradual wavy boundary. 
B'ss l -2 12  to 242 cm; red (2.5YR 5/6) clay; weak medium and coarse prismatic structure; very firm, very 
sticky and very plastic; very few very fine and fine roots; very few very fine and fine tubular pores; few 
craw.fish krotovinas 0.5 to 1 .5 cm wide filled with dark gray (2.5Y 4/1 )  and red (2.5YR 4/8) material; 
common faint intersecting slickensides that tilt 20 degrees from the horizontal; 5 percent fine and medium 
prominent yellow (2.5Y 7/6) iron concentrations with diffuse boundaries on surfaces ofpeds; 3 percent 
fine prominent greenish gray (5BG 6/l )iron depletions with clear boundaries on root pore linings; few 
fine and medium nodules of calcium carbonate; strongly effervescent; clear smooth boundary. 
B'ss2-242 to 261 cm; red (2.5YR 5/6) clay; moderate fine and medium platy structure parting to 
moderate fine angular blocky; very firm, very sticky and very plastic; very fine and fine roots; very fine 
and fine tubular pores; few craw.fish krotovinas 1 to 2 cm wide filled with gray (2.5Y 6/1 ), red (2.5YR 
5/6) clay and few fine very pale brown (1 OYR 8/2) nodules of calcium carbonate; common faint 
intersecting slickensides that tilt 1 5  to 20 degrees from the horizontal; common fine and medium 
prominent light greenish gray ( 1 OY 7 / 1)  iron depletions with clear boundaries on root pore linings; 
common fine nodules of iron-manganese at top of horizon; strongly effervescent. 
B'ss3-261 to 279 cm; red (2.5YR 4/6) clay; moderate fine and medium platy structure parting to 
moderate fine angular blocky; very firm, very sticky and very plastic; very few very fine and fine roots; 
very few very fine and fine tubular pores; 1 0  percent of horizon are red (2.5YR 4/8) fractured conchoidal 
blocks; common faint intersecting slickensides that tilt 1 5  to 20 degrees from the horizontal; 10  percent 
fine and medium prominent light greenish gray (JOY 7/1 )  iron depletions with clear boundaries along root 
pore linings; strongly effervescent. 
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B'ss4--279 to 300 cm; red (2.5YR 5/6) clay; moderate fine and medium platy structure parting to 
moderate fine angular blocky; very finn, very sticky and very plastic; very fine and fine roots; very fine 
and fine tubular pores; 1 5  percent of horizon are red (2.5YR 4/8) fractured conchoidal blocks; 1 0  percent 
lenses 1 to 2 cm thick of light yellowish brown ( I  0YR 6/4) silt loam; few faint intersecting slickensides; 
common fine and medium prominent light greenish gray ( I OY 7 / 1 )  iron depletions with clear boundaries 
along root pore linings; strongly effervescent. 
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Description date: 6/24/1999 
Soil Series: Lake Charles 
Site Identification #: 99 LAC 201 H (99TX201 00 1 A  - microhigh) 
Location Information 
Soil Survey Area Name: Harris County, Texas (Armand Bayou) 
Latitude: 29 degrees 35 minutes 40 seconds North 
Longitude: 95 degrees 04 minutes 1 4  seconds West 
Described by: Wes Miller and Larry Wilding 
Classification: Fine, smectitic, hyperthermic Aquic Hapludert 
Ak--0 to 1 0  cm; dark gray (2.5Y 4/1 )  clay; weak coarse angular blocky structure parting to moderate 
medium granular; firm, very sticky and very plastic; many fine roots; common fine interstitial pores; very 
few faint intersecting slickensides; 2 percent fine prominent strong brown (7.5YR 4/6) iron concentrations 
along root pore linings; few fine uncoated nodules of calcium carbonate; matrix is non-calcareous; clear 
smooth boundary. 
Bkssgl -- 10  to 27 cm; grayish brown (2.5Y 5/2) clay; moderate medium angular blocky structure; firm, 
very sticky and very plastic; common fine roots; few fine interstitial pores; common faint intersecting 
slickensides; few rounded 2 to 4 mm black ( l 0YR 2/1 )  nodules of iron-manganese; 2 percent fine 
prominent yellowish red (5YR 5/8) iron concentrations with clear boundaries on surfaces ofpeds and on 
root pore linings; few 2 to 1 0  mm weakly indurated nodules of calcium carbonate coated with olive yellow 
(2.5Y 6/6) iron; few masses of calcareous red (2.5YR 5/8) clay 5mm to 1 cm in size mixed with calcium 
carbonate nodules; matrix is non-calcareous; clear wavy boundary. 
Bkssg2-27 to 49 cm; grayish brown (2.5Y 5/2) clay; moderate fine and medium angular blocky structure; 
firm, very sticky and very plastic; common fine roots; few fine tubular pores; common distinct weakly 
grooved intersecting slickensides that are tilted 20 to 40 degrees from the horizontal; 1 percent fine 
prominent strong brown (7 .5YR 5/6) iron concentrations with clear boundaries on root pore linings; few 
rounded 2 to 4 mm black ( IOYR 2/1 )  nodules of iron-manganese; common weakly indurated nodules of 
calcium carbonate coated with olive yellow (2.5Y 6/6) iron; few masses of calcareous red (2.5YR 5/8) clay 
5mm to 1 cm in size mixed with calcium carbonate nodules; matrix is non-calcareous; clear wavy 
boundary. 
Bkssg3--49 to 67 cm; grayish brown (2.5Y 5/2) clay; moderate fine and medium angular blocky structure; 
firm, very sticky and very plastic; common fine roots; few fine tubular pores; many weakly grooved 
distinct intersecting slickensides that are tilted at 30 to 40 degrees from the horizontal; 5 percent fine 
distinct dark grayish brown (2.5Y 4/2) iron depletions on surfaces of slickensides; few rounded 2 to 1 0  
mm black (IOYR 2/1 )  nodules o f  iron-manganese; common weakly indurated nodules of calcium 
carbonate coated with olive yellow (2.5Y 6/6) iron; common masses of calcareous red (2.5YR 5/8) clay 
5mm to 2cm in size mixed with calcium carbonate nodules; slightly effervescent; abrupt wavy boundary. 
Bkssg4--67 to 1 05 cm; grayish brown (2.5Y 5/2) clay; moderate medium and coarse angular blocky 
structure; firm, very sticky and very plastic; common fine roots; few fine tubular pores; many weakly 
grooved distinct intersecting slickensides that are tilted at 1 5  to 30 degrees from the horizontal; 1 5  percent 
medium faint olive brown (2.5Y 4/4)iron concentrations with diffuse boundaries on surfaces of 
slickensides; 10 percent medium faint dark gray (2.5Y 4/1)  iron depletions with diffuse boundaries on 
surfaces of slickensides; common uncoated rounded nodules of calcium carbonate 2 to 5mm in size; few 
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rounded nodules of black ( I  OYR 2/1 )  of iron-manganese 4 to 8 mm in size; strongly effervescent; clear 
wavy boundary. 
Bkssg5-- l 05 to 148 cm; gray (2.5Y 5/1 )  clay; moderate medium and coarse angular blocky structure; firm, 
very sticky and very plastic; common fine roots between peds; few very fine tubular pores; many 
prominent coarsely grooved intersecting slickensides; 35 percent fine and medium distinct light yellowish 
brown (2.5Y 6/4) iron concentrations with diffuse boundaries on surfaces ofslickensides; 1 0  percent fine 
prominent dark gray (2.5Y 4/ 1 )  iron depletions with clear boundaries on surfaces of slickensides; common 
rounded black ( l OYR 2/1 )  nodules of iron-manganese 2 to 8mm in size; common rounded uncoated 
nodules of calcium carbonate 2 to 1 5mm in size; slightly effervescent; clear wavy boundary. 
Bkssg6-148 to 1 77 cm; gray (SY 6/1 )  clay; moderate medium and coarse angular blocky structure; firm, 
very sticky and very plastic; common fine roots; few fine tubular pores; common distinct finely grooved 
intersecting slickensides that are tilted at 30 to 35 degrees to the horizontal; 40 percent coarse prominent 
light yellowish brown (2.5Y 6/3) iron concentrations with diffuse boundaries on surfaces ofslickensides; 
common rounded black ( l OYR 2/1 )  iron-manganese concretions; few rounded uncoated strongly indurated 
nodules of calcium carbonate 2 to 3 mm in size; slightly effervescent; clear wavy boundary. 
B'kss l -- 1 77 to 202 cm; yellowish red (5YR 5/6) clay; weak coarse angular blocky structure; firm, very 
sticky and very plastic; common fine roots between peds; common distinct finely grooved intersecting 
slickensides that are tilted 35 to 50 degrees to the horizontal; 5 percent fine distinct pale brown ( 1  OYR 
6/3) iron concentrations with diffuse boundaries; 2 percent fine prominent gray (SY 5/1 )  iron depletions 
with clear boundaries throughout; few fine dendritic black ( 1  OYR 2/1 )  iron-manganese concentrations in 
gray (SY 5/1 )  iron depletions; common rounded nodules of black ( I OYR 2/1 )  iron-manganese 1 to 2 mm 
in size; few rounded uncoated strongly indurated nodules of calcium carbonate 2 to 3 mm in size; strongly 
effervescent; clear wavy boundary. 
B'ss l --202 to 235 cm; yellowish red (5YR 4/6) clay; weak coarse angular blocky structure; firm, very 
sticky and very plastic; common very fine and fine roots; few distinct finely grooved intersecting 
slickensides that are tilted at 20 to 40 degrees to the horizontal; 5 percent medium prominent light 
yellowish brown (2.5Y 6/3) iron concentrations with clear boundaries on surfaces ofpeds; common 
rounded nodules of black ( 1  OYR 2/1 )  iron-manganese 1 to 2mm in size; few medium masses of iron 
manganese on surfaces of slickensides; few masses of calcium carbonate 3 to 5mm in size; strongly 
effervescent; clear wavy boundary. 
B'ss2--235 to 270 cm; red (2.5YR 4/6) clay; strong coarse angular blocky structure parting to moderate 
medium angular blocky; very firm, very sticky and very plastic; common very fine and fine roots; common 
prominent coarsely grooved intersecting slickensides that are tilted 35 to 45 degrees to the horizontal; 5 
percent fine and medium prominent light greenish gray ( IOY 7/1 )  iron depletions with clear boundaries 
on surfaces of slickensides; 1 percent fine prominent light yellowish brown (2.5Y 6/3) iron depletions on 
surfaces of slickensides; common rounded black nodules of ( 1  OYR 2/ I )  iron-manganese 1 to 2mm in size; 
common fine masses of black ( l OYR 2/1 )  iron-manganese on surfaces ofslickensides; strongly 
effervescent. 
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Description date: 6/22/1999 
Soil Series: Lake Charles 
Site Identification #: 99 LAC 157 L (99TX1 5700 1- microlow) 
Location Information 
Soil Survey Area Name: Fort Bend County, Texas. 
Latitude: 29 degrees 24 minutes 12  seconds North 
Longitude: 95 degrees 43 minutes 42 seconds West 
Described by: Edward Griffin and Jon Wiedenfeld 
Classification: Fine, smectitic, hypertherrnic Typic Hapludert 
A 1 --0 to IO  cm; black (2.5Y 2/1 )  clay; moderate fine and medium subangular blocky structure parting to 
moderate medium granular; very hard, very firm, moderate, very sticky and very plastic; common very 
fine and fine roots; common fine interstitial pores; few faint pressure surfaces; abrupt smooth boundary. 
A2-- l O to 29 cm; black (2.5Y 2/1 )  clay; moderate fine and medium subangular blocky structure; very 
hard, very firm, very sticky and very plastic; common fine and medium roots; common fine tubular pores; 
common distinct pressure surfaces; clear smooth boundary. 
Bss l --29 to 6 1  cm; black (2.5Y 2/1 )  clay; weak medium wedge-shaped structure parting to moderate 
medium subangular blocky; very hard, very firm, very sticky and very plastic; common fine roots; 
common fine tubular pores; common distinct intersecting slickensides that are tilted at 50 to 65 degrees to 
the horizontal; clear wavy boundary. 
Bss2--6 l to 103 cm; very dark gray (2.5Y 3/1) clay; strong medium and coarse wedge-shaped structure 
parting to moderate medium angular blocky; very hard, very firm, very sticky and very plastic; common 
fine roots; common fine tubular pores; very few crayfish krotovina filled with yellowish red (5YR 5/6) and 
very dark gray (2.5Y 3/1 )  clay; many prominent intersecting slickensides that are tilted 30 to 40 degrees 
to the horizontal; very slightly effervescent; gradual wavy boundary. 
Bss3-- l 03 to 1 35  cm; very dark gray (2.5Y 3/1) clay; strong medium and coarse wedge-shaped structure 
parting to moderate medium angular blocky; very hard, very firm, very sticky and very plastic; common 
fine roots; very few crayfish krotovina filled with yellowish red (5YR 5/6) and very dark gray (2.5Y 3/1 ) 
clay; many prominent intersecting slickensides that are tilted at 45 to 60 degrees to the horizontal; few 
fine black (IOYR 2/1 )  nodules ofiron-man�anese; very slightly effervescent; gradual wavy boundary. 
Bkss l --135 to 1 58 cm; dark gray (2.5Y 4/1 )  clay; moderate medium and coarse wedge-shaped structure 
parting to moderate medium and coarse angular blocky; very hard, very firm, very sticky and very plastic; 
common very fine and fine roots; very few crayfish krotovina filled with yellowish red (5YR 5/6) and very 
dark gray (2.5Y 3/1 )  clay; common prominent intersecting slickensides that are tilted 35 to 45 degrees to 
the horizontal; 1 percent fine uncoated nodules of calcium carbonate; 2 percent nodules of calcium 
carbonate coated with strong brown (7.5YR 5/6) iron; very slightly effervescent; gradual wavy boundary. 
Bkss2-- l 58 to 17  5 cm; 60 percent gray (2 .SY 5/1 ), 20 percent light olive brown (2.5Y 5/3 ), 20 percent 
light yellowish brown (2.5Y 6/3) clay; weak coarse wedge-shaped structure parting to moderate medium 
and coarse angular blocky; very hard, very firm, very sticky and very plastic; common very fine and fine 
roots; common prominent intersecting slickensides that are tilted at 30 to 45 degrees to the horizontal; 3 
percent fine and medium nodules of calcium carbonate coated with brown ( l OYR 4/3) iron; 2 percent 
uncoated nodules of calcium carbonate; strongly effervescent; gradual smooth boundary. 
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Bkss3-- l 75 to 193 cm; yellowish red (5YR 5/6) clay; muderate coarse prismatic structure parting to 
moderate medium and coarse subangular blocky; extremely hard, extremely firm, very sticky and very 
plastic; common very fine and fine roots; 5 percent crayfish krotovinas filled with yellowish red (5YR 5/6) 
and very dark gray ( I  0YR 3/1) clay and few fine nodules of calcium carbonate; common distinct 
intersecting slickensides that are tilted at 35 to 40 degrees to the horizontal on horizontal faces ofpeds; 1 
percent fine prominent light greenish gray (5GY 7/1 )  iron depletions with clear boundaries on surfaces of 
slickensides; strongly effervescent; clear wavy boundary. 
B'ss 1 -- 1 93 to 2 16  cm; yellowish red ( 5YR 5/6) clay; weak coarse wedge-shaped structure parting to weak 
medium and coarse subangular blocky; extremely hard, extremely firm, very sticky and very plastic; 
common distinct dark gray ( l 0YR 4/1)  intersecting slickensides that are tilted 30 to 35 degrees to the 
horizontal; 7 percent fine and medium prominent light greenish gray (5GY 7/1 )  iron depletions with 
sharp boundaries on surfaces of slickensides; few fine rounded concretions of calcium carbonate coated 
with yellow ( I0YR 7/8) iron; strongly effervescent; gradual smooth boundary. 
B'ss2--2 1 6  to 240 cm; yellowish red (5YR 4/6) clay; moderate coarse wedge-shaped structure parting to 
moderate medium and coarse subangular blocky; extremely hard, extremely firm, very sticky and very 
plastic; very few very fine roots between peds; common prominent intersecting slickensides that are tilted 
25 to 35 degrees to the horizontal; 10  percent fine prominent light greenish gray ( I0GY 7/1 ,8/1 )  iron 
depletions with sharp boundaries on the surfaces of slickensides; strongly effervescent; gradual smooth 
boundary. 
B'ss3--240 to 272 cm; yellowish red (5YR 5/6) clay; weak coarse angular blocky structure parting to weak 
medium angular blocky; extremely hard, extremely firm, very sticky and very plastic; very few very fine 
roots between peds; few faint intersecting slickensides that are tilted 15 to 25 percent to the horizontal; 4 
percent fine prominent light olive gray (5Y 6/2) iron depletions with sharp boundaries on root traces in 
interiors ofpeds and on surfaces ofslickensides; few fine and medium black ( I 0YR 2/1 )  masses of iron 
manganese on root traces; strongly effervescent; gradual smooth boundary. 
B'ss4--272 to 300 cm; yellowish red (5YR 5/6) clay extremely hard, extremely firm, very sticky and very 
plastic; very few very fine roots between peds; few prominent intersecting slickensides that are tilted 1 5  to 
25 percent to the horizontal; 6 percent fine and medium light gray (5Y 7/2) iron depletions with sharp 
boundaries on root traces in interiors of peds and on surfaces of slickensides; strongly effervescent. 
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Description Date: 6/22/1 999 
Soil Series: Lake Charles 
Site Identification #:  99 LAC 157 H (99TX15700 1A - microhigh) 
Location lnfonnation 
Soil Survey Area Name: Fort Bend County, Texas. 
Latitude: 29 degrees 24 minutes 12 seconds North 
Longitude: 95 degrees 43 minutes 42 seconds West 
Described by: Wes Miller and Lany Wilding 
Classification: Fine, smectitic, hyperthennic Typic Hapludert 
Akl --0 to 10  cm; very dark gray ( l0YR 3/1) clay; weak fine granular structure; firm; many fine roots; 
common fine and few medium interstitial pores; common medium rounded white (2.5Y 8/1 )  nodules of 
calcium carbonate and few calcium carbonate nodules are coated with yellowish brown (I 0YR 5/6) iron; 
clear smooth boundary. 
Ak2-- l 0 to 28 cm; very dark gray ( 1  0YR 3/1 ) clay; weak medium subangular blocky structure parting to 
moderate fine and medium granular; firm; common fine roots; few fine interstitial and few fine tubular 
pores; common fine and medium rounded white (2.5Y 8/1 ) nodules of calcium carbonate and few calcium 
carbonate nodules are coated with yellowish brown (I OYR 5/6) iron; slightly effervescent; clear wavy 
boundary. 
Bkss 1 --28 to 70 cm; dark gray ( 1 0YR 4/1 )  clay; moderate fine and medium angular blocky structure; firm; 
common fine roots; few fine tubular pores; common distinct intersecting slickensides that are tilted 55 to 
60 degrees to the horizontal; common fine and medium rounded white ( 1  0YR 8/1 )  nodules of calcium 
carbonate and few calcium carbonate nodules are coated with yellowish brown ( IOYR 5/6) iron; slightly 
effervescent; clear smooth boundary. 
Bkss2-70 to 95 cm; dark grayish brown (2.5Y 4/2) clay; moderate fine and medium angular blocky 
structure; firm; common fine roots; few fine tubular pores; common intersecting slickensides that are 
tilted 40 to 50 degrees to the horizontal; few distinct pressure surfaces; common fine and medium white 
( 1 0YR 8/1 )  nodules of calcium carbonate; 5 percent fine and medium yellowish brown ( 1 0YR 5/6) masses 
of iron with sharp boundaries; slightly effervescent; gradual wavy boundary. 
Bkss3--95 to 129 cm; dark grayish brown (2.5Y 4/2) clay; moderate fine and medium angular blocky 
structure; firm; common fine roots; few fine tubular pores; common intersecting slickensides that are 
tilted 40 to 50 degrees to the horizontal; few distinct pressure surfaces; common fine and medium white 
( l 0YR 8/1 )  nodules ofcalcium carbonate; 5 percent fine and medium yellowish brown (I0YR 5/6) masses 
of iron with sharp boundaries; slightly effervescent; gradual wavy boundary. 
Bkss4-129 to 144 cm; 60 percent olive brown (2.5Y 4/3), 20 percent dark gray ( l 0YR 4/1 ), 20 percent 
yellowish brown ( 1  0YR 5/6) clay; strong medium and coarse angular blocky structure; very firm; common 
fine roots; common intersecting slickensides that are tilted 35 to 45 degrees to the horizontal; dark gray 
( l0YR 4/1 )  matrix material are filled cracks 5mm to 2.5 cm wide mixed within the olive brown (2.5Y 4/3) 
matrix material; yellowish brown ( 1 0YR 5/6) matrix material is an oval mass about 1 0  cm wide and 8 cm 
thick and is bounded by the olive brown (2.5Y 4/3) material; common fine to coarse rounded light 
brownish gray (1 0YR 6/2) and white ( 1  0YR 8/1 )  nodules of calcium carbonate; slightly effervescent; clear 
wavy boundary. 
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Bkss5-- 144 to 1 76 cm; dark yellowish brown ( I OYR 4/4), dark gray ( I OYR 4/1 ), strong brown (7.5YR 
5/8) clay; strong medium and coarse angular blocky structure; very firm; common fine roots; common 
intersecting slickensides that are tilted 30 to 40 degrees to the horizontal; dark gray ( I OYR 4/1 )  matrix 
material are filled cracks 5mm to 2 cm wide throughout the horizon; strong brown (7.5YR 5/8) matrix 
material dominates the lower 5 cm of the horizon; common fine to coarse rounded light brownish gray 
( I  OYR 6/2) and white ( 1  OYR 8/1 ) nodules and masses of calcium carbonate that are concentrated near the 
contact with the Bssl horizon; strongly effervescent; clear wavy boundary. 
Bssl -1 76 to 2 1 0  cm; strong brown (7.5YR 4/6) clay; moderate medium and coarse angular blocky 
structure; very firm; common fine roots; common distinct intersecting sJickensides that are tilted 30 to 40 
degrees to the horizontal; 6 percent fine and medium prominent greenish gray ( 5G 6/ l )  iron depletions 
with clear boundaries on surfaces of slickensides and on root pore linings; few fine rounded white ( I OYR 
8/1 )  nodules of calcium carbonate; strongly effervescent; gradual wavy boundary. 
Bss2--2 1 0  to 240 cm; yellowish red (5YR 4/6) clay; moderate medium and coarse angular blocky 
structure; extremely firm; common fine roots; many prominent intersecting slickensides that are tilted 20 
to 30  degrees to the horizontal; 8 percent fine prominent light greenish gray (5GY 7/1 )  iron depletions 
with clear boundaries on surfaces of slickensides; few fine dendritic black (1 OYR 2/1 )  masses of 
iron-manganese on surfaces of slickensides within the light greenish gray ( 5GY 7 / 1 )  iron depletions; 
strongly effervescent gradual wavy boundary. 
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Description Date: 6/23/1999 
Soil Series: Lake Charles 
Site Identification #: 99 LAC 481 L (99TX48 I 00 I - micro low) 
Location Information 
Soil Survey Area Name: Wharton County, Texas. 
Latitude: 29 degrees 25 minutes 2 1  seconds North 
Longitude: 96 degrees 04 minutes 22 seconds West 
Described by: Edward Griffin and Jon Wiedenfeld 
Classification: Fine, smectitic, hyperthermic Typic Hapludert 
A l -0 to 12 cm; black (2.5Y 2/1)  clay; moderate fine and medium subangular blocky structure; hard, firm, 
very sticky and very plastic; common fine roots; common fine tubular pores; less than I percent vey fine 
and fine rounded nodules of iron-manganese; less than I percent fine rounded nodules of calcium 
carbonate coated with brownish yellow ( I0YR 6/8) iron; clear smooth boundary. 
A2-12  to 28 cm; black (2.5Y 2/1 )  clay; moderate fine and medium subangular blocky structure; hard, 
firm, very sticky and very plastic; common fine roots; common fine tubular pores; very few distinct 
pressure surfaces; clear smooth boundary. 
Bss 1 --28 to 59 cm; black (2.5Y 2/1 )  clay; moderate medium and coarse subangular blocky structure; very 
hard, firm; common fine roots; many fine tubular pores; common distinct intersecting slickensides that 
are tilted 60 to 70 degrees to the horizontal; few fine rounded nodules of calcium carbonate coated with 
brownish yellow ( I0YR 6/8) iron; clear smooth boundary. 
Bss2--59 to 83 cm; black (2.5Y 2/1 )  clay; moderate medium and coarse subangular blocky structure; very 
hard, very firm; common fine roots; common fine and medium tubular pores; common distinct 
intersecting slickensides that are tilted 60 to 70 degrees to the horizontal; less than I percent fine rounded 
nodules of calcium carbonate coated with brownish yellow ( I  0YR 6/8) iron; less than I percent very fine 
and fine rounded nodules of iron-manganese; gradual wavy boundary. 
Bss3-83 to 123 cm; very dark gray (2.5Y 3/1 )  clay; moderate medium wedge-shaped structure parting to 
moderate fine and medium angular blocky; very hard, very firm; common fine roots along surfaces of 
slickensides; common fine and medium tubular pores; many prominent intersecting slickensides that are 
tilted 50 to 60 degrees to the horizontal; gradual wavy boundary. 
Bss4-123 to 1 47 cm; dark gray (2.5Y 4/1)  clay; moderate medium wedge-shaped structure parting to 
moderate fine and medium angular blocky; very hard, very firm; common fine roots along surfaces of 
slickensides; many prominent intersecting slickensides that are tilted 40 to 50 degrees to the horizontal; 
few crawfish krotovinas 3 to 4 cm in diameter filled with a mixture of grayish brown (2.5Y 5/2), dark gray 
(2.5Y 4/1), and yellowish red (5YR 5/6) clay; less than I percent fine faint light olive brown (2.5Y 5/3) 
iron concentrations with diffuse boundaries along surfaces of slickensides; very slightly effervescent; clear 
smooth boundary. 
Bkssl-147 to 1 65 cm; dark gray (2.5Y 4/1 )  clay; moderate medium and coarse wedge-shaped structure 
parting to moderate fine and medium angular blocky; very hard, very firm; common fine roots on surfaces 
of slickensides; many prominent intersecting slickensides that are tilted 30 to 40 degrees to the horizontal; 
few crawfish krotovinas 3 to 4 cm wide and filled with a mixture of grayish brown (2.5Y 5/2), dark gray 
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(2.5Y 4/1 ), and yellowish red (5YR 5/6) clay; few fine rounded uncoated nodules of calcium carbonate; 
very slightly effervescent; clear smooth boundary. 
Bkss2--l 65 to 1 76 cm; grayish brown (2.5Y 5/2) clay; weak medium and coarse wedge-shaped structure 
parting to moderate medium and coarse angular blocky; very hard, very firm, very sticky and very plastic; 
common very fine and fine roots along surfaces of slickensides; common distinct intersecting slickensides 
that are tilted 30 to 40 degrees to the horizontal; few crawfish krotovinas 3 to 4 cm in diameter and filled 
with a mixture of grayish brown (2.5Y 5/2), dark gray (2.5Y 4/1 ), and yellowish red (5YR 5/6) clay; 5 
percent fine and medium rounded nodules of calcium carbonate and 1 percent of the nodules are coated 
with brownish yellow ( lOYR 6/8) iron; strongly effervescent; abrupt smooth boundary. 
Bkss3-l  76 to 200 cm; reddish brown (5YR 5/4); weak medium and coarse subangular blocky structure; 
extremely hard, extremely firm, slightly sticky and slightly plastic; very few very fine and fine roots; few 
crawfish krotovinas 3 to 4 cm in diameter and filled with a mixture of grayish brown (2.5Y 5/2), dark 
gray (2.5Y 4/1 ), yellowish red (5YR 5/6) clay, and few fine rounded masses and nodules of calcium 
carbonate; common distinct intersecting slickensides that are tilted 1 5  to 25 degrees to the horizontal; 7 
percent fine and medium grayish green (5G 5/2) iron depletions with sharp boundaries on surfaces of 
slickensides; 1 percent fine and medium rounded nodules of calcium carbonate in matrix; strongly 
effervescent; gradual wavy boundary. 
Bkss4--200 to 250 cm; yellowish red (5YR 5/6) clay; moderate medium and coarse wedge-shaped 
structure parting to moderate medium and coarse subangular blocky; extremely hard, extremely firm, 
slightly sticky and slightly plastic; very few very fine roots; common prominent intersecting slickensides 
that are tilted 1 0  to 20 degrees to the horizontal; 5 percent fine and medium grayish green (5G 5/2) and 2 
percent fine gray (2.5Y 5/1 )  iron depletions with sharp boundaries on surfaces of slickensides; 1 percent 
fine and medium rounded nodules of calcium carbonate; strongly effervescent. 
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Description Date: 6/23/1999 
Soil Series: Lake Charles 
Site Identification #: 99 LAC 481 H (99TX48100 IA - microhigh) 
Location Information 
Soil Survey Area Name: Wharton County, Texas 
Latitude: 29 degrees 25 minutes 21  seconds North 
Longitude: 96 degrees 04 minutes 22 seconds West 
Described by: Wes Miller and Larry Wilding 
Classification: Fine, smectitic, hyperthennic Typic Hapludert 
Akl --0 to 15 cm; very dark gray ( l0YR 3/1 )  clay; weak medium subangular blocky structure parting to 
moderate fine and medium granular; friable; many fine roots; common fine and few medium interstitial 
pores; few fine masses of grayish brown (2.5Y 5/2) clay throughout; 3 percent subrounded nodules of 
calcium carbonates 2 to 4 mm in size; matrix is non-calcareous; clear smooth boundary. 
Ak2--1 5  to 33 cm; very dark gray (2.5Y 3/1 )  clay; moderate fine and medium angular blocky structure; 
friable; common fine roots; few fine tubular and interstitial pores; common distinct pressure surfaces; few 
distinct intersecting slickensides; 20 percent light yellowish brown (2.5Y 6/3) masses and nodules of 
calcium carbonates along surfaces ofslickensides; slightly effervescent; clear smooth boundary. 
Bkssl --33 to 78 cm; dark gray (2.5Y 4/1)  clay; strong fine and medium angular blocky structure; friable; 
common fine roots; few fine tubular pores; common distinct intersecting slickensides that are tilted 40 to 
50 degrees to the horizontal; 30 percent fine and medium rounded nodules of calcium carbonate and 1 
percent nodules of calcium carbonate coated with brownish yellow ( l0YR 6/8) iron; strongly effervescent; 
abrupt wavy boundary. 
Bkss2-78 to 1 04 cm; weak red (7.5R 4/4) clay; moderate fine and medium angular blocky structure; firm; 
common fine roots; few very fine tubular pores; many distinct intersecting slickensides that are tilted 30 to 
45 degrees to the horizontal; 5 percent of matrix are cracks filled with very dark gray (2.5Y 3/1) clay I cm 
to 3 cm wide; 5 percent subrounded nodules of calcium carbonate 2 to 4 mm in size; 1 0  percent masses of 
olive brown (2.5Y 4/3) clay 1 to 3 cm in size mixed within the weak red (7.5YR 4/4) matrix material; 5 
percent of the horizon is a reddish yellow (7.5YR 6/6) strongly effervescent clay intrusion 4 to 8 cm wide 
that arcs from the upper part of the Bkss3 horizon and extends to the lower part of the Bkssl horizon; 
strongly effervescent; abrupt wavy boundary. 
Bkss3--104 to 1 57 cm; dark grayish brown (2.5Y 4/2) clay; strong medium and coarse angular blocky 
structure; firm; common fine roots; very few very fine tubular pores; common distinct intersecting 
slickensides that are tilted 30 to 50 degrees to the horizontal; 5 percent fine and medium subrounded 
nodules of calcium carbonate; 5 percent of the horizon is a strong brown (7 .5YR 5/6) strongly effervescent 
clay intrusion 4 to 8 cm wide that arcs from the upper part of the Bkss4 horizon and extends to the lower 
part of the Bkss2 horizon; strongly effervescent; abrupt wavy boundary. 
Bkss4-1 57 to 1 8 1  cm; light olive brown (2.5Y 5/4) clay; strong medium and coarse angular blocky 
structure; firm; common fine roots; very few very fine pores; common distinct coarsely grooved 
intersecting slickensides tilted 30 to 60 degrees to the horizontal; 1 0  percent fine and medium nodules of 
calcium carbonate concentrated near contact with Bss 1 horizon; 1 0  percent of the horizon is a strong 
brown (7.5YR 4/6) strongly effervescent clay intrusion 4 to 1 0  cm wide that arcs from the Bssl horizon 
and extends to the lower part of the Bkss3 horizon; 4 percent fine rounded black ( l0YR 2/1 )  
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iron-manganese nodules and masses; strongly effervescent; clear wavy boundary. 
Bss l -- 1 8 1  to 260 cm; yellowish red (5YR 5/6) clay; strong medium to very coarse angular blocky 
structure; firm; common fine roots; common distinct intersecting slickensides that are tilted 20 to 60 
degrees to the horizontal; 2 percent fine and medium prominent light brownish gray (2.5Y 6/2) iron 
depletions on surfaces of slickensides; 1 0  percent fine rounded black ( 1  0YR 2/1 )  iron-manganese nodules 
and masses; 2 percent fine nodules of calcium carbonate; 1 0  percent of the horizon is reddish yellow 
(7.5YR 7/6) clay mixed with the yellowish red (5YR 5/6) matrix material; strongly effervescent; abrupt 
wavy boundary. 
Bss2--260 to 300 cm; yellowish red (5YR 5/6) clay; strong very coarse angular blocky structure; very firm; 
very few very fine roots; common prominent intersecting slickensides that are tilted 20 to 40 degrees to 
the horizontal; 8 percent fine and medium light brownish gray (2.5Y 6/2) iron depletions on surfaces of 
slickensides; I percent fine masses ofblack ( l 0YR 2/1 )  dendritic masses of iron-manganese on surfaces of 
slickensides; less than 1 percent fine nodules of calcium carbonate; strongly effervescent. 
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Laewest Series Pedoo Descriptions 
Description Date: 1 1/ 1 8/1 999 
Soil Series: Laewest 
Site Identification #: 99 LAW 239 L (99TX239001 - microlow) 
Location Information 
Soil Survey Area Name: Jackson County, Texas 
Latitude: 28 degrees 52 minutes 47.6 seconds North 
Longitude: 96 degrees 24 minutes 1 1 .4 seconds West 
Site Note: The site fits the Lake Charles series. 
Described by: Jon Wiedenfeld 
Classification: Fine, smectitic, hyperthermic Typic Hapluderts 
A l  -0 to 13  cm; black (N 2.5/) clay; moderate fine and medium subangular blocky structure; firm, very 
hard; common very fine and fine roots; common fine interstitial pores; 5 percent faint pressure surfaces; 
less than 1 percent fine distinct spherical black (7.5YR 2.5/1)  iron-manganese masses on surfaces ofpeds 
with sharp boundaries; clear smooth boundary. 
A2-- l 3 to 29 cm; black (N 2.5/) clay; strong fine and medium subangular blocky structure; firm, very 
hard; common very fine and fine roots; common very fue tubular pores; 1 0  percent faint slickensides; 1 5  
percent distinct pressure surfaces; less than 1 percent fine distinct spherical black (7.5YR 2.5/1)  
iron-manganese masses on surfaces ofpeds with sharp boundaries; clear wavy boundary. 
Bssl --29 to 56 cm; very dark gray (N 3/) clay; strong medium subangular blocky structure; firm, very 
hard; common very fine and fine roots; common very fine tubular pores; 30 percent distinct slickensides 
tilted at 50 to 60 degrees from the horizontal; less than 1 percent fine distinct spherical black (7.5YR 
2.5/1)  iron-manganese masses on surfaces of peds with sharp boundaries; gradual wavy boundary. 
Bss2-56 to 94 cm; dark gray (N 4/) clay; moderate medium wedge structure parts to strong medium and 
coarse angular blocky; firm, very hard; common very fine roots; few very fine tubular pores; 55 percent 
prominent slickensides tilted at 50 to 60 degrees from the horizontal; less than I percent fine distinct 
spherical black (7.5YR 2.5/1)  iron-manganese masses on surfaces ofpeds with sharp boundaries; 1 
percent fine spherical carbonate nodules; few carbonate nodules coated with brownish yellow (1 0YR 6/8) 
iron concentrations; gradual wavy boundary. 
Bss3--94 to 14 1  cm; dark gray (2.5Y 4/1)  clay; moderate medium wedge structure parts to strong medium 
and coarse angular blocky; firm, very hard; common very fine roots; few very fine tubular pores; 75 
percent prominent slickensides tilted at 40 to 60 degrees from the horizontal; less than 1 percent fine 
spherical black (7.5YR 2.5/1 )  iron-manganese nodules; less than 1 percent fine distinct spherical black 
(7.5YR 2.5/1)  iron-manganese masses on surfaces ofpeds with sharp boundaries; less than 1 percent fine 
spherical carbonate nodules; clear wavy boundary. 
Bkss l --14 1  to 1 56 cm; dark gray ( 1  0YR 4/1 )  clay; moderate coarse wedge structure parts to moderate 
medium and coarse angular blocky; firm, very hard; common very fine roots; 45 percent prominent 
slickensides tilted at 10  to 20 degrees from the horizontal; less than 1 percent fine spherical black (7.5YR 
2.5/1)  iron-manganese nodules; less than 1 percent fine distinct spherical black (7.5YR 2.5/1 )  
iron-manganese masses on surfaces of  peds with sharp boundaries; 8 percent medium and coarse spherical 
carbonate nodules; 1 percent medium and coarse irregular carbonate masses; slightly effervescent; clear 
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wavy boundary. 
Bkss2-- 1 56 to 1 68 cm; 80 percent reddish yellow (7.5YR 6/6) and 20 percent strong brown (7.5YR 5/6) 
clay; moderate medium and coarse angular blocky structure; firm, very hard; few very fine roots; 30 
percent distinct slickensides are tilted at 1 0  to 20 degrees from the horizontal; less than 1 percent fine 
spherical black (7.5YR 2.5/ 1 )  iron-manganese nodules; 20 percent medium and coarse irregular carbonate 
masses; 2 percent medium and coarse spherical carbonate nodules; carbonate masses and nodules or on 
top of a 4 centimeter wide reddish yellow (5YR 6/6) layer of clay is at the contact between the Bkss2 and 
Bkss3 horizons; few cracks 5millimeters to 1 .5 centimeters wide filled with dark gray (I  0YR 4/1 )  clay; 
strongly effervescent; clear smooth boundary. 
Bkss3-- 1 68 to 1 83 cm; 70 percent strong brown (7.5YR 5/6) and 30 percent reddish yellow (7.5YR 6/6) 
clay; weak medium and coarse subangular blocky structure; firm, very hard; few very fine roots; 20 
percent slickensides tilted at 10 to 20 degrees from the horzontal with gray (7.5YR 5/1 ) iron depletions on 
20 percent of the slickenside surfaces; 3 percent fine and medium prominent light gray (7.5YR 7/1 )  iron 
depletions on surfaces of peds with diffuse boundaries not associated with the slickensides; l 0 percent fine 
and medium irregular carbonate masses; 3 percent fine and medium spherical carbonate nodules; a gray 
(7.5YR 5/1 ) clay layer 3 centimeters wide is at the contact between the Bkss3 and Bkss4 horzons with less 
than 1 percent fine rounded iron-manganese nodules; strongly effervescent; clear smooth boundary. 
B'ss l -- 1 83 to 208 cm; 65 percent yellowish red (5YR 5/6), and 25 percent light gray (2.5Y 7/2) clay; weak 
coarse prismatic structure parts to moderate medium subangular blocky; firm, very hard; few very fine 
roots between peds; 30 percent distinct slickensides tilted at 20 to 40 degrees from the horizontal; less 
than 1 percent fine and medium prominent light gray (7.5YR 7/1 )  iron depletions vertical on surfaces of 
peds with diffuse boundaries; 1 percent fine prominent yellow (2.5Y 7 /8) masses of oxidized iron in 
matrix surrounding redox depletions with diffuse boundaries; 1 0  percent fine and medium irregular 
carbonate masses in center of light gray (2.5Y 7/2) matrix; 6 percent of the total area consists of brittle 
masses of strong brown (7.5YR 5/6) fine sandy loam 5 millimeters to 2 centimeters in size with few fine 
iron-manganese masses in center; strongly effervescent; clear smooth boundary. 
B'ss2--208 to 244 cm; 70 percent reddish yellow (5YR 6/6), and 30 percent light gray (2.5Y 7/2) clay; 
weak coarse prismatic structure parts to moderate medium subangular blocky ; firm, very hard; few very 
fine roots between peds; 25 percent distinct slickensides tilted at 20 to 50 degrees from the horizontal; 1 
percent fine prominent black (7 .5YR 2.5/ 1 )  iron-manganese masses with sharp boundaries; 2 percent fine 
and medium prominent yellow (2.5Y 7 /8) masses of oxidized iron in matrix surrounding redox depletions 
with diffuse boundaries; 2 percent fine prominent dendritic black (7 .5YR 2.5/1)  manganese coatings on 
surfaces of slickensides with sharp boundaries; 1 percent medium irregular carbonate nodules; 6 percent 
of the total area consists ofbrittle masses of strong brown (7.5YR 5/6) fine sandy loam 5 millimeters to 5 
centimeters in size with few fine iron-manganese masses in center ; few crawfish krotovinas 2 to 5 
centimeters in width filled with gray ( I  0YR 6/1 )  clay extending from the bottom to midway through the 
horizon; strongly effervescent; gradual wavy boundary. 
BC--244 to 272 cm; 55 percent light gray (2.5Y 7/2) and 45 percent reddish yellow (5YR 6/6) clay; weak 
coarse prismatic structure parts to moderate medium subangular blocky ; firm, very hard; 1 0  percent 
distinct slickensides tilted at 20 to 30 degrees from the horizontal; 1 percent fine prominent dendritic 
black (7.5YR 2.5/ 1 )  manganese coatings surfaces of slickensides with sharp boundaries and 2 percent fine 
and medium prominent brownish yellow ( 1 0YR 6/8) masses of oxidized iron in matrix surrounding redox 
concentrations with clear boundaries; 2 percent fine and medium prominent yellow (2.5Y 7/8) masses of 
oxidized iron in matrix surrounding redox depletions with diffuse boundaries; 1 percent fine irregular 
carbonate masses; 3 percent of the total area consists of pink (5YR 7/4) brittle masses of silt loam texture 
and are in the light gray (2.5Y 7/2) matrix material; few crawfish krotovinas filled with gray ( I  0YR 6/1 )  
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clay extending from the bottom to midway through the horizon; strongly effervescent clear wavy 
boundary. 
2BC--272 to 320 cm; reddish yellow (7.5YR 6/6), fine sandy loam; weak coarse subangular blocky 
structure; friable, hard; fow thin strata of yellowish red (5YR 5/6) sandy clay loam; strongly effervescent; 
clear smooth boundary. 
3BC1--320 to 360 cm; 60 percent red (2.5YR 5/6) and 40 percent light gray (2.5Y 7/1 )  clay; weak coarse 
subangular blocky structure; firm, very hard; I percent fine prominent olive yellow (2.5Y 6/8) masses of 
oxidized iron in matrix surrounding redox depletions with sharp boundaries; I percent fine irregular 
carbonate masses; I percent fine spherical carbonate nodules; strongly effervescent; clear smooth 
boundary. 
3BC2--360 to 405 cm; light gray (5Y 7/2) clay; weak coarse subangular blocky structure; firm, very hard; 
2 percent fine prominent olive yellow (2.5Y 6/8) masses of oxidized iron on surfaces of peds with diffuse 
boundaries; strongly effervescent; gradual smooth boundary. 
3BC3--405 to 425 cm; light gray (5Y 7/2) clay; 5 percent medium and coarse faint pale olive (5Y 6/3) 
mottles; weak coarse subangular blocky structure; firm, very hard; I percent fine prominent reddish 
yellow (7.5YR 6/8) masses of oxidized iron in matrix surrounding redox concentrations with clear 
boundaries; I percent fine prominent yellowish red ( 5YR 5/8) masses of oxidized iron on surfaces of peds 
with sharp boundaries; strongly effervescent. 
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Description Date: 1 1/ 1 8/1 999 
Soil Series: Laewest 
Site Identification #: 99 LAW 239 H (99TX23900 1 A  - microhigh) 
Location Information 
Soil Survey Area Name: Jackson County, Texas 
Latitude: 28 degrees 52 minutes 47.6 seconds North 
Longitude: 96 degrees 24 minutes 1 1  .4 seconds West 
Site Note: The site fits the Lake Charles series. 
Described by: Larry Wilding and Lee Nordt 
Classification: Fine, smectitic, hyperthermic Chromic Hapluderts 
A--0 to IO cm; 70 percent very dark gray ( IOYR 3/1) and 30 percent dark gray (I OYR 4/1 )  clay; weak fine 
and medium subangular blocky structure; fum, very hard; common very fine and fine roots on surfaces of 
slickensides and common medium roots between peds; common fine interstitial pores; 2 percent fine faint 
very dark brown (I  OYR 2/2) iron-manganese nodules with sharp boundaries; 2 percent fine and medium 
carbonate nodules; gradual smooth boundary. 
Ak-IO to 26 cm; 70 percent dark gray (2.5Y 4/1 ), 20 percent gray (2.5Y 5/1 ), and IO  percent light 
brownish gray (2.5Y 6/2) clay; weak medium and coarse angular blocky structure; firm, very hard; 
common very fine roots on surfaces of slickensides; common very fine and fine interstitial and tubular 
pores; IO percent faint slickensides; 2 percent fine faint very dark brown (I OYR 2/2) iron-manganese 
nodules with sharp boundaries; 5 percent medium carbonate nodules; 8 percent medium and coarse 
carbonate masses with few having nodules in the center; very slightly effervescent; gradual wavy 
boundary. 
Bkss l --26 to 58 cm; 85 percent dark gray (2.5Y 4/1)  and 15 percent light yellowish brown (2.5Y 6/3) 
clay; moderate coarse wedge structure parts to moderate medium angular blocky; firm, very hard; 
common medium roots and common very fine roots on surfaces of slickensides; few very fine tubular 
pores; 40 percent distinct slickensides tilted at 30 to 40 degrees from the horizontal; 1 percent fine faint 
very dark brown ( I  OYR 2/2) iron-manganese nodules with sharp boundaries; I O  percent medium and 
coarse carbonate masses and nodules in centers of carbonate masses in light olive brown matrix; very 
slightly effervescent; clear wavy boundary. 
Bkss2--58 to 90 cm; 55 percent dark grayish brown (2.5Y 4/2), 30 percent gray (2.5Y 5/1 ), and 1 5  
percent olive yellow (2.5Y 6/6) clay; moderate fine and medium wedge structure parts to moderate fine 
angular blocky; very firm, very hard; common very fine and fine roots on surfaces of slickenside; few very 
fine tubular pores; 50 percent distinct slickensides tilted at 40 to 50 degrees from the horizontal with few 
slickensides tilted at 60 to 70 degrees from the horizontal at interface between the microhigh and 
microlow; 1 percent fine faint very dark brown (IOYR 2/2) iron-manganese nodules with sharp 
boundaries; 5 percent medium and coarse carbonate masses; I O  percent medium and coarse carbonate 
nodules with few in the centers of carbonate masses;; few crawfish krotovinas; slightly effervescent; 
gradual wavy boundary. 
Bkss3-90 to 120 cm; 70 percent light yellowish brown (2.5Y 6/4) and 25 percent yellow (I OYR 7/6) clay; 
moderate coarse wedge structure parts to moderate fine and medium angular blocky; very firm, 
very hard; common very fine roots on surfaces of slickensides; few very fine tubular pores; 55 percent 
prominent slickensides tilted at 40 to 50 degrees from the horizontal with few slickensides tilted at 60 to 
70 degrees from the horizontal at interface between the microhigh and microlow; I percent fine and 
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medium faint very dark brown ( I OYR 2/2) iron-manganese nodules with sharp boundaries; 1 percent fine 
and medium carbonate masses; 2 percent medium and coarse carbonate nodules; common cracks 1 to 2 
centimeters wide filled with black (2.5Y 2/1 )  clay; strongly effervescent; gradual wavy boundary. 
Bkss4--1 20 to 145 cm; 80 percent light yellowish brown (2.5Y 6/3) and 1 5  percent yellow ( l 0YR 7/8) 
clay; moderate coarse wedge structure parts to moderate fine and medium angular blocky; very firm, very 
hard; common very fine roots on surfaces of slickensides; few very fine tubular pores; 50 percent distinct 
slickensides tilted at 45 to 75 degrees from the horizontal with few slickensides tilted at 60 to 70 degrees 
from the horizontal at interface between the microhigh and microlow; 3 percent fine and medium distinct 
very dark brown ( 1  0YR 2/2) iron-manganese nodules with sharp boundaries; 1 percent fine and medium 
carbonate masses; less than 1 percent medium and coarse carbonate nodules; common cracks 1 to 2 
centimeters wide filled with black (2.5Y 2/1 )  clay; strongly effervescent; gradual wavy boundary. 
Bkss5--1 45 to 165 cm; 50 percent light brownish gray (2.5Y 6/2) and 50 percent strong brown 
(7 .5YR5/6), clay; moderate coarse wedge structure parts to moderate medium and coarse angular blocky; 
very firm, very hard; common very fine and fine roots on surfaces of slickensides; few very fine tubular 
pores; 45 percent distinct slickensides tilted at 25 to 30 degrees from the horizontal with few slickensides 
tilted at 55 degrees from the horizontal at interface between the microhigh and microlow; 1 percent fine 
iron-manganese masses lining root pores; 1 percent fine distinct very dark brown (1 0YR 2/2) iron­
manganese nodules with sharp boundaries; 1 percent fine and medium carbonate masses; 3 percent 
medium and coarse carbonate nodules; few cracks 1 to 2 centimeters wide filled with black (2.5Y 2/l) 
clay; strongly effervescent; gradual wavy boundary. 
Bkss6--1 65 to 208 cm; 55 percent yellow ( IOYR 7/8) and 45 percent strong brown (7.5YR 4/6) clay; 
moderate coarse wedge structure parts to moderate medium and coarse angular blocky; very firm, very 
hard; common very fine roots between peds; 35 percent distinct slickensides tilted at 25 to 30 degrees 
from the horizontal; I percent fine distinct very dark brown (1 0YR 2/2) iron-manganese nodules with 
sharp boundaries; 2 percent fine and medium distinct black (7 .5YR 2/1 )  manganese masses on surfaces of 
peds with sharp boundaries; IO percent coarse prominent light gray (2.5Y 7/1 )  iron depletions in matrix 
with sharp boundaries; 1 percent fine and medium carbonate masses; I percent medium and coarse 
carbonate nodules; strongly effervescent; gradual wavy boundary. 
Bss--208 to 235 cm; 45 percent light gray (2.5Y 7/1 )  and 55 percent strong brown (7.5YR 5/8), silty clay; 
moderate coarse wedge structure parts to weak fine and medium angular blocky; very firm, very hard; 
common very fine roots between peds; 25 percent distinct slickensides and 50 percent prominent pressure 
faces; 1 percent fine distinct very dark brown (1  0YR 2/2) iron-manganese nodules with sharp boundaries 
and 2 percent fine and medium distinct black (7.5YR 2/1 ) manganese masses with sharp boundaries; 35 
percent coarse prominent light gray (2.5Y 7/1)  iron depletions with sharp boundaries; 1 percent fine and 
medium carbonate nodules; strongly effervescent; clear smooth boundary. 
BCI-235 to 270 cm; 50 percent light gray (2.5Y 7/1 ), 35 percent strong brown (7.5YR 5/8), and 1 5  
percent light yellowish brown ( I0YR 6/4) silty clay; weak coarse angular blocky structure; very firm, very 
hard; common very fine roots; 20 percent faint pressure faces; 1 percent fine and medium distinct very 
dark brown ( 1  0YR 2/2) iron-manganese nodules with sharp boundaries; strongly effervescent; gradual 
smooth boundary. 
BC2--270 to 300 cm; 45 percent light gray (2.5Y 7/1), 40 percent strong brown (7.5YR 5/8), and 1 5  
percent light yellowish brown (1  0YR 6/4) silty clay; weak coarse angular blocky structure; very firm, very 
hard; violent effervescent. 
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Description Date: 1 1/ 1711999 
Soil Series: Laewest 
Site Identification #: 99 LAW 469 L (99TX46900 1 - micro low) 
Location Information 
Soil Survey Area Name: Victoria County, Texas 
Latitude: 28 degrees 43 minutes 12.0 seconds North 
Longitude: 96 degrees 45 minutes 23 .3 seconds West 
Described by Jon Wiedenfeld and Cynthia Stiles 
Classification: Fine, smectitic, hyperthermic Typic Hapludert 
A--0 to 16  cm; black ( IOYR 2/1) clay, black ( IOYR 2/1 ), dry; moderate fine and medium subangular 
blocky structure; firm, hard; common very fine and fine roots and common coarse roots; common fine 
vesicular pores; IO  percent faint pressure faces; few insect casts; clear smooth boundary. 
Bssl -- 1 6  to 43 cm; black ( IOYR 2/1 ), clay, black ( IOYR 2/1 ), dry; moderate medium subangular blocky 
structure; firm, very hard; common very fine and fine roots; few fine tubular pores; 20 percent 
distinct slickensides tilted at 20 to 40 degrees from the horizontal; 30 percent distinct pressure faces; less 
than 1 percent fine spherical black (7 .5YR 2/1 )iron-manganese nodules; less than I percent fine iron 
manganese masses; common cracks 0.5 to 2.5 centimeters wide; gradual smooth boundary. 
Bss2--43 to 74 cm; black ( IOYR 2/1 ), clay, black ( IOYR 2/1 ), dry; moderate medium subangular blocky 
structure; firm, very hard; common very fine and fine roots; common very fine tubular pores; 60 
percent prominent slickensides tilted at 50 degrees from the horizontal; less than 1 percent fine black 
(7 .5YR 2/1 ) iron-manganese nodules; less than I percent fine iron manganese masses; gradual smooth 
boundary. 
Bss3--74 to 1 1 8 cm; black ( IOYR 2/1 ), clay, very dark gray ( IOYR 3/1), dry; moderate medium angular 
blocky and moderate fine and medium wedge structure; firm, very hard; common very fine and fine 
roots; 70 percent prominent slickensides tilted at 50 degrees from the horizontal. ;  I percent fine snail 
shell fragments; less than 1 percent fine iron-manganese nodules; gradual wavy boundary. 
Bkssl -- 1 1 8  to 1 54 cm; very dark gray ( ]OYR 3/1), clay, very dark gray ( ] OYR 3/1 ), dry; moderate 
medium and coarse wedge parts to strong medium and coarse angular blocky structure; firm, very hard; 
common very fine roots; 60 percent prominent slickensides are tilted at 40 to 50 degrees from the 
horizontal; 5 percent fine spherical carbonate nodules with few having a hollow center; I percent medium 
plant phytoliths; less than I percent fine iron-manganese masses; slightly effervescent; clear wavy 
boundary. 
Bkss2-- l 54 to 176 cm; 70 percent dark gray ( I OYR 4/1 )  and 30 percent yellowish brown ( I OYR 5/8) clay; 
moderate medium and coarse angular blocky structure; firm, very hard; common very fine roots on 
surfaces of slickensides; 45 percent distinct slickensides tilted at 40 degrees from the horizontal with dark 
gray ( I  OYR 4/1)  organic coats on slickenside surfaces; less than I percent fine prominent strong brown 
(7 .5YR 5/8) masses of oxidized iron with sharp boundaries in matrix; I percent fine carbonate nodules; 2 
percent medium and coarse carbonate masses with few having fine nodules in the center; common cracks 
5 centimeters wide filed with black ( IOYR 2/1 )  clay; strongly effervescent; gradual wavy boundary. 
B'ss l - 1 76 to 222 cm;, 80 percent brownish yellow ( I OYR 6/6) and light yellowish brown ( IOYR 6/4) 
clay; moderate medium and coarse angular blocky structure; firm, hard; common very fine roots on 
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surfaces ofslickensides; 40 percent distinct slickensides tilted at 20 to 30 degrees from the horizontal 
with dark gray ( I 0YR 4/1 )  organic coats on slickenside surfaces; I percent fine and medium distinct dark 
grayish brown (2.5Y 4/2) iron depletions with clear boundaries lining root pores and on slickenside 
surfaces; 1 percent fine distinct strong brown (7 .5YR 5/8) masses of oxidized iron with sharp boundaries 
in matrix; 1 percent fine distinct very dark brown (7.5YR 2/2) iron-manganese masses along ped faces 
with sharp boundaries; I percent very fine iron-manganese masses on slickenside surfaces; less than 1 
percent fine carbonate nodules; less than I percent fine and medium carbonate masses ; less than 1 
percent medium gypsum nests; less than 1 percent medium gypsum crystals; strongly effervescent; gradual 
wavy boundary. 
B'ss2--222 to 245 cm; 80 percent brownish yellow ( 1  0YR 6/6) and 20 percent light gray (2.5Y 7/1 ), clay; 
moderate medium and coarse angular blocky structure; firm, hard; common very fine roots; common very 
fine tubular pores; 30 percent distinct slickensides tilted at 20 to 30  degrees from the horizontal; I 
percent fine prominent dendritic very dark brown (7.5YR 2/2) iron-manganese masses on slickenside 
surfaces with sharp boundaries; I percent fine prominent reddish yellow (5YR 6/8) masses of oxidized 
iron in matrix with sharp boundaries; 2 percent fine distinct reddish yellow (7.5YR 6/8) masses of 
oxidized iron in matrix with clear boundaries; light gray (2.5Y 7/1 )  matrix is mostly along slickenside 
surfaces and as a depletion on root pores; less than 1 percent fine cylindrical carbonate nodules; very few 
very fine clean rounded quartz grains throughout; strongly effervescent; gradual wavy boundary. 
B'ss3--245 to 265 cm; 70 percent yellow ( I 0YR 7/6) and 25 percent light gray (2.5Y 7/1 )  clay; moderate 
coarse angular blocky structure; firm, hard; 25 percent distinct slickensides tilted at 20 to 30 degrees from 
the horizontal; 1 percent fine prominent yellowish red (5YR 4/6) masses of oxidized iron lining pores 
with sharp boundaries; 1 percent fine distinct strong brown (7 .5YR 5/6) masses of oxidized iron lining 
pores with clear boundaries; 2 percent fine prominent dendritic black (7.5YR 2.5/1)  iron-manganese 
masses on slickenside surfaces with sharp boundaries; less than 1 percent fine cylindrical carbonate 
masses; lightr gray (2.5Y 7/1 matrix is mostly along slickenside surfaces; strongly effervescent. 
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Description Date: 1 1/ 17/ 1999 
Soil Series: Laewest 
Site Identification: 99 LAW 469 H (99TX46900 1A - microhigh) 
Location Information 
Soil Survey Area Name: Victoria County, Texas 
Latitude: 28 degrees 43 minutes 12.0 seconds North 
Longitude: 96 degrees 45 minutes 23.3 seconds West 
Described by: Larry Wilding, Lee Nordt,and Corey Crawford 
Classification: Fine, smectitic, hyperthermic Chromic Hapludert 
Ak-0 to 1 1  cm; dark gray (1  0YR 4/1 ), clay, dark gray (1 0YR 4/1 ), dry; moderate medium subangular 
blocky and moderate fine and medium angular blocky structure; very firm, very hard; common very fine, 
fine, and medium roots; common fine interstitial pores; 5 percent fine and medium white ( 1  0YR 8/1)  and 
very pale brown ( l OYR 8/3) pedogenic carbonate nodules; strongly effervescent; gradual wavy boundary. 
Bk-1 1 to 28 cm; dark grayish brown (2.5Y 4/2), clay, grayish brown (2.5Y 5/2), dry; moderate medium 
angular blocky structure; very firm, very hard; common very fine and fine roots roots; common fine 
tubular pores; common cracks I centimeter to 3 centimeters in width filled with dark gray ( I 0YR 4/1 )  
clay; 1 percent fine spherical very dark brown ( I 0YR 2/2) nodules of  iron-manganese; 8 percent fine and 
medium carbonate nodules; about 4 percent of the horizon is brown ( I 0YR 5/3) clay; strongly 
effervescent; gradual wavy boundary. 
Bkssl --28 to 1 1 9 cm; dark grayish brown (2.5Y 4/2) clay, grayish brown (2.5Y 5/2), dry; moderate 
medium wedge and moderate coarse wedge structure parts to moderate coarse platy structure; very firm, 
very hard; very few very fine roots between peds; common fine tubular pores; 45 percent distinct gray 
(2.5Y 5/1 ) slickensides tilted at 50 to 65 degrees from the horizontal; common cracks 1 centimeter to 3 
centimeters in width filled with dark gray ( IOYR 4/1 )  clay; I percent fine very dark brown ( IOYR 2/2) 
nodules of iron-manganese; 1 5  percent fine and medium carbonate nodules; violently effervescent; 
gradual wavy boundary. 
Bkss2-- l I 9 to 1 72 cm; light olive brown (2.5Y 5/3) clay, light yellowish brown (2.5Y 6/3), dry; 
moderate medium wedge and coarse structure; very firm, very hard; very few very fine roots between 
peds; very few very fine tubular pores; 55 percent prominent grayish brown (2.5Y 5/2) and dark gray 
( 1 0YR 4/1 )  slickensides tilted at 40 to 65 degrees from the horizontal; I percent fine very dark brown 
(1  0YR 2/2) nodules of iron-manganese; 2 percent fine, medium and coarse carbonate nodules; violently 
effervescent; clear wavy boundary. 
Bkss3-172 to 1 98 cm; yellowish brown ( 1  0YR 5/4) clay; moderate medium and coarse wedge structure; 
very firm, very hard; very few very fine roots; very few very fine tubular pores; 40 percent distinct grayish 
brown (2.5Y 5/2) slickensides tilted at 55 degrees from the horizontal; 1 percent fine very dark brown 
( l 0YR 2/2) nodules of iron-manganese; 3 percent worm casts; 2 percent medium and coarse carbonate 
nodules; common cracks 0.5 to 1 .5 centimeters wide filled with dark gray ( 1  OYR 4/1 )  clay; violently 
effervescent; clear wavy boundary. 
Bss-1 98 to 205 cm; 80 percent brownish yellow ( lOYR 6/6) and 20 percent light gray (2.5Y 7/1), clay; 
moderate medium and coarse angular blocky structure; firm, hard; common very fine roots; common very 
fine tubular pores; 30 percent distinct slickensides tilted at 20 to 30 degrees from the horizontal; 1 
percent fine prominent dendritic very dark brown (7.5YR 2/2) iron-manganese masses on slickenside 
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surfaces with sharp boundaries; I percent fine prominent reddish yellow (5YR 6/8) masses of oxidized 
iron in matrix with sharp boundaries; 2 percent fine distinct reddish yellow (7.5YR 6/8) masses of 
oxidized iron in matrix with clear boundaries; light gray (2.5Y 7/1 )  matrix is mostly along slickenside 
surfaces and as a depletion on root pores; less than I percent fine cylindrical carbonate nodules; very few 
very fine clean rounded quartz grains throughout; strongly effervescent; gradual wavy boundary. 
B'ss3--205 to 265 cm; 70 percent yellow ( I 0YR 7/6) and 25 percent light gray (2.5Y 7/1 )  clay; moderate 
coarse angular blocky structure; firm, hard; 25 percent distinct slickensides tilted at 20 to 30 degrees from 
the horizontal; I percent fine prominent yellowish red (5YR 4/6) masses of oxidized iron lining pores 
with sharp boundaries; I percent fine distinct strong brown (7 .5YR 5/6) masses of oxidized iron lining 
pores with clear boundaries; 2 percent fine prominent dendritic black (7.5YR 2.5/ 1 )  iron-manganese 
masses on slickenside surfaces with sharp boundaries; less than I percent fine cylindrical carbonate 
masses; light gray (2.5Y 7 /1 matrix is mostly along slickenside surfaces; strongly effervescent. 
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Description Date: 1 1 / 19/1999 
Soil Series: Laewest 
Site Identification #: 99 LAW 391 L (99TX39 1001  - microlow) 
Location Information 
Soil Survey Area Name: Refugio County, Texas 
Latitude: 28 degrees 28 minutes 27.4 seconds North 
Longitude: 97 degrees 07 minutes 0.0 seconds West 
Site Note: The site fits the Laewest series. 
Described by: Jon Wiedenfeld 
Classification: Fine, smectitic, hyperthermic Typic Hapludert 
A 1--0 to 9 cm; black (2.5Y 2.5/ 1 )  clay; moderate fine subangular blocky structure; firm, very hard; 
common fine and medium roots; common fine interstitial pores; clear smooth boundary. 
A2--9 to 28 cm; black (2.5Y 2.5/ 1 )  clay; moderate fine and medium subangular blocky structure; firm, 
very hard; common very fine and fine roots; few very fine tubular pores; 1 0  percent faint pressure 
surfaces; gradual smooth boundary. 
Bss 1 --28 to 56 cm; black (2.5Y 2.5/1) clay; moderate medium angular blocky structure; firm, very hard; 
common very fine and fine roots between peds; few very fine tubular pores; 30  percent distinct 
slickensides tilted at 25 to 30 degrees from the horizontal; less than I percent fine iron-manganese 
masses gradual wavy boundary. 
Bss2--56 to 79 cm; black (2.5Y 2 .5/1 )  clay; moderate medium wedge structure parts to strong medium and 
coarse angular blocky; firm, very hard; common very fine and fine roots in cracks and common medium 
roots between peds; few very fine tubular pores; 50 percent prominent slickensides tilted at 35 to 45 
degrees from the horizontal; less than 1 percent fine iron-manganese masses; less than 1 percent medium 
carbonate nodules; clear wavy boundary. 
Bkss l -79 to 1 04 cm; very dark gray ( J 0YR 3/1 ) clay; moderate medium wedge structure parts to strong 
medium and coarse angular blocky; firm, very hard; common fine roots between peds; few very fine 
tubular pores; 70 percent prominent slickensides tilted at 40 to 50 degrees from the horizontal; less than 1 
percent fine iron-manganese masses; 1 percent fine and medium carbonate masses ; 5 percent medium 
carbonate nodules; gradual wavy boundary. 
Bkss2--104 to 1 60 cm; dark gray (IOYR 4/1)  clay; strong medium and coarse wedge structure parts to 
moderate medium and coarse angular blocky; firm, very hard; common very fine and fine roots between 
peds; few very fine tubular pores; 70 percent prominent slickensides tilted at 40 to 60 degrees from the 
horizontal; less than 1 percent fine iron-manganese masses; 14 percent fine and medium carbonate 
nodules; very slightly effervescent; clear wavy boundary. 
Bkss3- l  60 to 1 95 cm; 35 percent pale yellow (2.5Y 7 /3) and 65 percent dark gray ( IOYR 4/1 )  clay; 
moderate medium and coarse wedge structure parts to strong medium and coarse angular blocky; firm, 
very hard; common very fine roots between peds; few very fine tubular pores; 50 percent prominent 
slickensides tilted at 40 to 60 degrees from the horizontal with dark gray ( 1 0YR 4/1 )  organic stains on 
upper surfaces of slickensides; Jess than I percent fine iron-manganese masses; I percent fine carbonate 
masses; 8 percent fine carbonate nodules; slightly effervescent; clear wavy boundary. 
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Bkss4--I 95 to 224 cm; 50 percent light gray (2.5Y 7 /2) and 50 percent gray (I 0YR 5/1 ), clay; weak coarse 
wedge structure parts to moderate coarse angular blocky; firm, very hard; few very fine roots between 
peds; few very fine tubular pores; 50 percent prominent slickensides tilted at 40 to 60 degrees from the 
horizontal with dark gray ( I 0YR 4/ I)  organic stains on upper surfaces of slickensides; 4 percent fine and 
medium prominent brownish yellow ( 1 0YR 6/8) masses of oxidized iron in light gray (2.5Y 7 /2) matrix 
with sharp boundaries; 2 percent fine carbonate nodules; 5 percent medium and coarse carbonate masses; 
strongly effervescent; clear smooth boundary. 
B'ss-224 to 239 cm; light gray (2.5Y 7/2), clay; weak coarse wedge structure parts to moderate medium 
and coarse angular blocky; firm, very hard; 30 percent distinct slickensides tilted at 30 to 40 degrees from 
the horizontal with gray (I  0YR 5/1 )  organic stains on upper surfaces of peds; less than l percent fine 
distinct very dark brown ( I  0YR 2/2) iron-manganese nodules; less than 1 percent fine distinct black 
( I  0YR 2/1 )  iron-manganese masses; 2 percent fine distinct yellow (2.5Y 7 /6) masses of oxidized iron and 
3 percent fine and medium prominent brownish yellow ( l 0YR 6/8) masses of oxidized iron with clear 
boundaries on surfaces of peds; less than 1 percent fine and medium carbonate nodules; strongly 
effervescent; 
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Description Date: 1 1 / 19/ 1999 
Soil Series: Laewest 
Site Identification #: 99 LAW 391 H (99TX39 1001A - microhigh) 
Location Information 
Soil Survey Area Name: Refugio County, Texas 
Latitude: 28 degrees 28 minutes 27.4 seconds North 
Longitude: 97 degrees 07 minutes 0.0 seconds West 
Site Note: The site fits the Laewest series. 
Described by: Larry Wilding and Lee Nordt 
Classification: Fine, smectitic, hyperthermic Chromic Hapluderts 
A--0 to 12  cm; black (2.5Y 2.5/ 1 )  clay; moderate fine and medium subangular blocky structure; firm, 
hard; common fine and medium roots; common very fine and fine interstitial pores; very slightly 
effervescent; gradual wavy boundary. 
Ak--12 to 33 cm; dark gray (2.5Y 4/1 )  clay; moderate medium and coarse angular blocky structure; firm, 
very hard; common fine roots; common very fine and fine interstitial pores; less than I percent fine 
spherical iron-manganese masses; 1 0  percent fine and medium irregular light gray ( IOYR 7/2) carbonate 
nodules; slightly effervescent; gradual wavy boundary. 
Bkssl --33 to 59 cm; gray (2.5Y 5/1 )  clay; moderate medium and coarse angular blocky structure; firm, 
very hard; common fine roots; common very fine tubular pores; 4 percent faint slickensides tilted at 40 to 
60 degrees from the horizontal; 4 percent faint pressure faces; I percent fine spherical iron-manganese 
nodules; 1 5  percent fine and medium irregular carbonate nodules; few cracks I to 2 centimeters wide 
filled with black (2.5Y 2.5/ 1 )  clay; slightly effervescent; gradual wavy boundary. 
Bkss2-59 to 92 cm; gray (I 0YR 5/1 )  clay; moderate medium wedge structure parts to moderate medium 
angular blocky ; firm, very hard; common fine roots; common very fine tubular pores; 3 percent faint 
light gray ( 1  OYR 7 /2) carbonate coats on surfaces along pores; 20 percent distinct slickensides tilted at 40 
to 60 degrees from the horizontal; 1 percent fine spherical iron-manganese nodules; 15 percent fine and 
medium irregular carbonate nodules; few cracks 1 to 2 centimeters in size filled with black (2.5Y 2.5/ 1 )  
clay; slightly effervescent; gradual wavy boundary. 
Bkss3-92 to 127 cm; gray (1  0YR 5/1 )  clay; moderate medium and coarse wedge structure parts to 
moderate medium and coarse angular blocky; firm, very hard; common very fine and fine roots; common 
very fine tubular pores; 60 percent prominent slickensides tilted at 40 to 60 degrees from the horizontal; 1 
percent fine spherical iron-manganese nodules; 5 percent fine and medium irregular carbonate nodules; 
few cracks 1 to 3 centimeters in size filled with black (2.5y 2.5/1)  clay; slightly effervescent; gradual wavy 
boundary. 
Bkss4-127 to 1 50 cm; 40 percent gray (2.5Y 6/1), 30 percent yellow (2.5Y 7/6) and 30 percent light 
brownish gray (2.5Y 6/2) clay; moderate medium wedge structure parts to moderate medium and coarse 
angular blocky; firm, very hard; common very fine and fine roots; common very fine tubular pores; 55 
percent slickensides tilted at 40 to 60 degrees from the horizontal; 1 percent fine spherical 
iron-manganese nodules; 1 0  percent medium and coarse irregular carbonate nodules; slightly effervescent; 
gradual wavy boundary. 
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Bkss5-- 1 50 to 1 83 cm; 50 percent gray (2.5Y 5/1 )  and 50 percent light yellowish brown (2.5Y 6/4), clay; 
moderate medium and coarse angular blocky structure; firm, very hard; common very fine and fine roots; 
40 percent slickensides tilted at 40 to 60 degrees from the horizontal; 1 percent fine distinct brownish 
yellow ( ] 0YR 6/8) masses ofoxidized iron on surfaces ofpeds with sharp boundaries; 3 percent medium 
carbonate nodules ; 5 percent very coarse carbonate masses with hard centers; slightly effervescent; 
gradual wavy boundary. 
Bkss6-- 1 83 to 235 cm; pale yellow (2.5Y 7/3), clay; moderate coarse angular blocky structure; firm, very 
hard; common very fine and fine roots; 40 percent distinct slickensides tilted 40 to 60 degrees from the 
horizontal; 2 percent fine prominent brownish yellow (1  0YR 6/8) masses of oxidized iron adjacent to 
masses of calcium carbonate with sharp boundaries; 5 percent very coarse carbonate masses with hard 
centers; strongly effervescent 
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Victoria Series Pedon Description 
Date Sampled: 1 0/ 6/1 999 
Soil Series: Victoria 
Sample Identification #: 99 VIC 409 L (99TX409003 - microlow) 
Location Information 
Soil Survey Area Name: San Patricio County, Texas (Welder Wildlife Refuge) 
Latitude: 28degrees 06 minutes 44.5 seconds North 
Longitude: 97 degrees 20 minutes 55.4 seconds West 
Described by: Dennis Brezina, Alan Stahnke, Wes Miller, Ramiro Molina, Jon Wiedenfeld, Warren Lynn, 
Conrad N eitsch. 
Classification: fine, smectitic, hyperthermic Udic Haplusterts 
A--0 to 1 0  cm; black ( IOYR 2/1 ); moderate fine and medium subangular blocky structure; hard, firm; 
many fine roots and common medium; many fine vesicular pores and common fine dendritic tubular 
pores; clear smooth boundary. 
Bw--1 0  to 26 cm; black ( I OYR 2/1) ;  moderate medium subangular blocky structure; hard, firm; common 
fine and medium roots; common fine and medium tubular pores; few faint pressure faces; clear smooth 
boundary. 
Bss l --26 to 54 cm; black (IOYR 2/1 ); weak fine and medium prismatic structure parting to moderate 
medium angular blocky; hard, firm; common fine roots; common fine tubular pores; common faint 
intersecting slickensides; few distinct pressure faces; very slightly effervescent; gradual wavy boundary. 
Bss2--54 to 75 cm; 80 percent black ( l 0YR 2/1 ), 20 percent black ( l 0YR 2/1 ); moderate medium 
prismatic structure parting to moderate medium angular blocky; hard, firm; common fine roots; common 
fine tubular pores; few snail shell fragments; common distinct intersecting slickensides, few prominent 
intersecting slickensides; few fine nodules of calcium carbonate; slightly effervescent; gradual wavy 
boundary. 
Bkssl --75 to 1 14 cm; 70 percent very dark gray (I0YR 3/1 ), 30 percent black ( l 0YR 2/1 ); weak medium 
and coarse prismatic structure parting to moderate medium angular blocky; hard, firm; common fine 
roots; common fine tubular pores; few snail shell fragments; black ( I  0YR 2/1 )  clay matrix consists of 
vertical backfilled cracks; common promin�nt intersecting slickensides; common fine nodules of calcium 
carbonate, common fine masses of calcium carbonate; strongly effervescent; gradual wavy boundary. 
Bkss2--l 1 4  to 14 1  cm; 60 percent light yellowish brown (2.5Y 6/3), 40 percent dark gray ( l 0YR 4/1 ); 
weak coarse prismatic structure parting to moderate medium subangular blocky; very hard, firm; common 
fine roots; common fine tubular pores; 5 percent fine distinct brown ( 1 0YR 4/3) iron-manganese 
concentrations with sharp boundaries on surfaces ofpeds in light yellowish brown (2.5Y 6/3) matrix; dark 
gray ( IOYR 4/1 )  clay consists of backfilled cracks; common prominent intersecting slickensides; common 
fine and medium masses of calcium carbonate, few fine nodules of calcium carbonate; strongly 
effervescent; gradual wavy boundary. 
Bkss3-141  to 1 63 cm; 80 percent light brownish gray (2.5Y 6/2), 20 percent dark gray (2.5Y 4/1 ); 
moderate medium subangular blocky structure; very hard, firm; common fine roots; common fine tubular 
pores; 5 percent fine distinct brown ( I  0YR 4/3) iron-manganese concentrations with sharp boundaries on 
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surfaces ofpeds in light brownish gray (2.5Y 6/2) matrix; dark gray (2.5Y 4/1 )  clay consists ofbackfilled 
cracks; common distinct intersecting slickensides; common medium and coarse masses of calcium 
carbonate, few fine nodules of calcium carbonate, few fine gypsum crystals; strongly effervescent; gradual 
wavy boundary. 
Bkss4-- I 63 to 1 78 cm; light brownish gray (2.5Y 6/2); moderate medium subangular blocky structure; 
hard, firm; common fine roots; common fine tubular pores; 5 percent vertical cracks filled with dark gray 
( 1  OYR 4/1 )  clay; common distinct intersecting slickensides; common medium and coarse masses of 
calcium carbonate, common fine gypsum crystals; strongly effervescent; gradual wavy boundary. 
Bkssy l -- 178 to 2 1 0  cm; see Bkssyl of Victoria (high) description; strongly effervescent. 
Bkssy2--2 1 0  to 230 cm; see Bkssy2 horizon from Victoria (high) description. 
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Sample Date: 1 0/6/99 
Soil Series: Victoria 
Site Identification #: 99 VIC 409 H (99TX409003A - microhigh) 
Soil Survey Area Name: San Patricio County, Texas (Welder Wildlife Refuge ) 
Latitude: 28degrees 06 minutes 44.5 seconds North 
Longitude: 97 degrees 20 minutes 55.4 seconds West 
Described by: Dennis Brezina, Alan Stahnke, Wes Miller, Ramiro Molina, Jon Wiedenfeld, Warren 
Lynn, Conrad Neitsch. 
Classification: fine, smectitic, hyperthermic Calcic Haplusterts (may make Udic Calciusterts) 
A-0 to 1 5  cm; very dark gray ( l OYR 3/1) clay; moderate fine and medium subangular blocky structure; 
hard, firm; many fine roots and common medium; common medium vesicular pores and many fine 
dendritic tubular pores; few snail shell fragments; few insects casts; slightly effervescent; clear smooth 
boundary. 
Bw--1 5  to 36 cm; dark gray ( 1 0YR 4/1 )  clay; moderate fine and medium subangular blocky structure; 
hard, firm; common fine and piedium roots; common fine dendritic tubular pores; few snail shell 
fragments; few faint intersecting slickensides, few faint pressure faces; few insects casts; slightly 
effervescent; gradual smooth boundary. 
Bssl --36 to 54 cm; dark gray (2.5Y 4/1)  clay; moderate fine and medium subangular blocky structure; 
very hard, very firm; common fine roots; common fine tubular pores; few snail shell fragments; common 
prominent intersecting slickensides; few insects casts, few nodules of calcium carbonate; slightly 
effervescent; clear smooth boundary. 
Bss2-54 to 73 cm; dark gray (I0YR 4/1) clay; moderate medium subangular blocky structure; very hard, 
very firm; common fine roots; common fine tubular pores; few snail shell fragments; less than 1 percent 
fine faint brown ( I 0YR 4/3) iron-manganese masses with sharp boundaries on surfaces of slickensides; 
many prominent intersecting slickensides; few nodules of calcium carbonate; strongly effervescent; 
gradual wavy boundary. 
Bkssl -73 to 1 1 9 cm; dark gray ( lOYR 4/1 )  clay; moderate medium prismatic structure parting to 
moderate medium angular blocky; extremely hard, extremely firm; common fine roots; common fine 
tubular pores; many prominent intersecting slickensides; few nodules of calcium carbonate; strongly 
effervescent; gradual smooth boundary. 
Bkss2-1 1 9  to 144 cm; 80 percent dark gray ( l0YR 4/1 ), 20 percent light yellowish brown (2.5Y 6/3) 
clay; moderate medium prismatic structure parting to moderate medium angular blocky; extremely hard, 
very firm; common fine roots; common fine tubular pores; common prominent intersecting slickensides; 
common medium and coarse masses of calcium carbonate; strongly effervescent; gradual wavy boundary. 
Bkss3--144 to 1 95 cm; light brownish gray (2.5Y 6/2) clay; moderate medium and coarse prismatic 
structure parting to moderate medium angular blocky; extremely hard, firm; common fine roots; common 
fine tubular pores; 5 percent fine distinct brown (I  0YR 4/3) iron-manganese masses on surfaces of 
slickensides; common prominent intersecting slickensides; common medium and coarse masses of 
calcium carbonate, common fine gypsum crystals; strongly effervescent; gradual wavy boundary. 
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Bkssy l -- 195 to 214 cm; light gray (2.5Y 7/2) clay; weak medium and coarse prismatic structure parting to 
moderate medium and coarse angular blocky; very hard, very firm; common fine roots; common fine 
tubular pores; 1 percent fine prominent reddish yellow (7.5YR 6/8) iron concentrations with sharp 
boundaries in pore linings along slickensides; few distinct intersecting slickensides; few fine and medium 
masses of calcium carbonate; common fine and medium gypsum crystals; strongly effervescent; gradual 
wavy boundary. 
Bkssy2--2 14  to 23 1 cm; 70 percent light yellowish brown (2.5Y 6/3 ), 30 percent brownish yellow ( 1 0YR 
6/6) clay; weak coarse prismatic structure parting to weak medium and coarse subangular blocky; hard, 
firm; common fine roots; common fine tubular pores; few distinct intersecting slickensides; few fine and 
medium nodules of calcium carbonate; common fine and medium gypsum crystals; common fine very 
dark brown (7.5YR 2/2) masses of manganese on surfaces of slickensides; strongly effervescent; gradual 
wavy boundary. 
Bkssy2-23 1 to 275 cm; 70 percent light yellowish brown (2.5Y 6/3), 30 percent brownish yellow ( IOYR 
6/6) clay; weak coarse subangular blocky structure; hard, firm; common fine roots; common fine tubular 
pores; few distinct intersecting slickensides; common fine and medium gypsum crystals; common fine 
very dark brown (7.5YR 2/2) masses of manganese; strongly effervescent; gradual smooth boundary. 
Bssy 1 -275 to 300 cm; 20 percent brownish yellow (I  0YR 6/8) clay, 80 percent light gray (2.5Y 7 /2) dry; 
weak medium platy structure; hard, firm; few faint intersecting slickensides; common fine and medium 
gypsum crystals, common fine and medium masses of gypsum, common fine very dark brown (7.5YR 2/2) 
masses of manganese; strongly effervescent; gradual smooth boundary. 
Bssy2-300 to 330 cm; 60 percent brownish yellow ( l0YR 6/8), 40 percent light gray (2.5Y 7/2) clay; 
weak medium platy structure; hard, firm; few faint intersecting slickensides; few fine gypsum crystals; 





















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Appendix 2 :  Data and Statistical Tables for Chapter 2 
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Table A2-l. X-ray fluorescence (XRF) raw data for Ti and Zr. 
Ti in Microlows 
Depth Pedon designation 
LEG 245A LAC 201 LAC 1 57 LAC 481 LAW 239 LAW 469 LAW 391 VIC 409 
cm wt o/c 
10 0.57 0.47 0.5 1 0.52 0.49 0.38 0.39 0.35 
20 0.70 0.47 0.52 0.54 0.5 1 0.40 0.42 0.36 
30 0.59 0.50 0.53 0.52 0.50 0.42 0.40 0.36 
40 0.58 0.50 0.52 0.53 0.50 0.42 0.40 0.37 
50 0.57 0.52 0.53 0.50 0.4 1 0.40 0.36 
60 0.58 0.49 0.53 0.55 0.52 0.4 1 0.40 0.36 
70 0.57 0.47 0.52 0.53 0.5 1 0.40 0.40 0.35 
80 0.58 0.46 0.5 1 0.53 0.5 1 0.42 0.41 0.34 
90 0.57 0.48 0.53 0.53 0.5 1 0.42 0.40 0.36 
1 00 0.47 0.53 0.53 0.51 0.44 0.4 1 0.33 
1 1 0 0.56 0.49 0.54 0.54 0.50 0.47 0.39 0.34 
120 0.55 0.52 0.54 0.55 0.50 0.44 0.39 0.35 
130 0.54 0.50 0.54 0.54 0.52 0.43 0.37 0.34 
140 0.55 0.52 0.5 1 0.54 0.50 0.40 0.34 0.35 
150 0.56 0.49 0.50 0.53 0.48 0.43 0.41 0.34 
1 60 0.55 0.44 0.46 0.55 0.46 0.41 0.40 0.34 
170 0.55 0.49 0.47 0.54 0.3 1 0.4 1 0.40 0.33 
1 80 0.55 0.44 0.44 0.53 0.3 1 0.38 0.40 0.32 
1 90 0.50 0.44 0.51 0.29 0.38 0.37 0.33 
200 0.41 0.47 0.37 0.49 0.31 0.38 0.38 0.35 
2 1 0  0.43 0.40 0.39 0.29 0.35 0.37 0.35 
220 0.46 0.43 0.37 0.35 0.33 0.32 0.35 
230 0.29 0.43 0.39 0.37 0.3 1 0.34 0.32 0.35 
240 0.43 0.37 0.39 0.30 0.3 1 0.35 
250 0.45 0.42 0.38 0.36 
260 0.52 0.42 0.42 0.3 1 
270 0.56 0.43 0.32 0.32 




Ti in Microhighs 
Depth Pedon designation 
LEG 245A LAC 201 LAC 157 LAC 48 1 LAW 239 LAW 469 LAW 391 VlC 409 
cm wt ¾ 
1 0  0.55 0.45 0.50 0.5 1 0.47 0.38 0.35 
20 0.59 0.48 0.52 0.54 0.38 0.38 0.33 
30 0.54 0.49 0.50 0.54 0.39 0.35 
40 0.53 0.46 0.5 1 0.55 0.48 0.37 0.35 
50 0.52 0.45 0.51 0.54 0.34 0.39 0.35 0.33 
60 0.52 0.44 0.50 0.54 0.4 1 0.37 0.37 0.35 
70 0.50 0.40 0.5 1 0.52 0.35 0.39 0.30 0.33 
80 0.55 0.45 0.50 0.38 0.38 0.33 0.35 
90 0.56 0.46 0.50 0.45 0.28 0.39 0.33 0.36 
100 0.54 0.38 0.46 0.37 0.29 0.37 0.33 0.36 
1 1 0 0.50 0.45 0.4 1 0.25 0.42 0.32 0.36 
120 0.55 0.47 0.44 0.29 0.39 0.35 0.36 
1 30 0.5 1 0.38 0.45 0.40 0.27 0.39 0.32 0.36 
140 0.53 0.47 0.45 0.25 0.38 0.36 0.35 
1 50 0.53 0.50 0.34 0.27 0.43 0.35 0.36 
1 60 0.55 0.34 0.48 0.48 0.34 0.40 0.33 0.35 
1 70 0.54 0.42 0.46 0.36 0.42 0.34 
1 80 0.44 0.38 0.47 0.42 0.37 0.33 0.32 
1 90 0.49 0.38 0.4 1 0.29 0.39 0.3 1 0.30 
200 0.49 0.39 0.37 0.40 0.40 0.38 0.32 0.25 
2 10  0.42 0.39 0.44 0.26 0.40 0.33 0.30 
220 0.42 0.41 0.26 0.30 0.32 
230 0.44 0.39 0.39 0.23 0.32 
240 0.49 0.31 0.30 
250 0.49 0.25 
260 0.48 0.26 





Zr in Microlows 
Depth Pedon designation 
LEG 245A LAC 20 1 LAC 1 57 LAC 48 1 LAW 239 LAW 469 LAW 391 VIC 409 
cm wt '¼  
IO 0.095 0 . 10 1  0.060 0.045 0.083 0 . 104 0.056 0.123 
20 0.086 0.1 10 0.055 0.045 0.074 0 . 103 0.05 1 0. 1 1 3 
30 0.090 0 . 124 0.057 0.045 0.078 0.098 0.056 0. 1 14 
40 0.082 0 . 100 0.055 0.049 0.076 0.030 0.052 0. 1 09 
50 0.078 0.058 0.049 0.078 0.095 0.055 0. 1 08 
60 0.070 0.093 0.060 0.053 0.074 0.086 0.054 0. 1 12 
70 0.074 0 . 104 0.059 0.051 0.075 0.09 1 0.054 0.095 
80 0.074 0.088 0.062 0.052 0.072 0.090 0.054 0.095 
90 0.084 0.088 0.057 0.041 0.073 0.088 0.053 0.098 
1 00 0.068 0.053 0.054 0.075 0.089 0.052 0.090 
1 10 0.088 0.059 0.054 0.040 0.076 0.084 0.045 0.091 
1 20 0.082 0.054 0.054 0.042 0.078 0.088 0 .042 0.080 
130  0.08 1 0.055 0.056 0.042 0.077 0.087 0.039 0.075 
1 40 0.078 0.063 0.058 0.042 0.073 0.070 0.028 0.081 
1 50 0.073 0.068 0.05 1 0.045 0.066 0.085 0.042 0.079 
1 60 0.071 0.048 0.048 0.042 0.060 0.072 0.039 0.072 
1 70 0.070 0.072 0.048 0.042 0.0 13 0.058 0.039 0.076 
1 80 0.076 0.0 19 0.032 0.040 0.009 0.034 0.038 0.071 
1 90 0.067 0.025 0.035 0.008 0.024 0.034 0.069 
200 0.033 0.025 0.0 12  0.030 0.009 0.025 0.036 0.079 
2 1 0  0.043 0.0 14 0.0 1 5  0.009 0.023 0.036 0.069 
220 0.052 0.0 1 1  0.0 14 0.030 0.040 0.022 0.086 
230 0.023 0.024 0.0 1 1  0.0 1 3  0.009 0.032 0.024 0.088 
240 0.03 1 0.009 0.014 0.0 1 0  0.023 0.082 
250 0.035 0.033 0.0 1 4  0.090 
260 0.058 0.0 1 6  0.034 0.038 
270 0.036 0.025 0.044 0.020 
280 0.030 0.028 
290 
300 0.0 16 
206 
Zr in Microhighs 
Depth Pedon designation 
LEG 245A LAC 20 1 LAC 1 57 LAC 48 1 LAW 239 LAW 469 LAW 391  VIC 409 
cm wt o/c  
10  0.079 0.070 0.056 0.038 0.082 0.045 O.D75 
20 0.080 0.06 1 0.057 0.039 0.042 0.047 0.063 
30 0.081 0.056 0.057 0.040 0.049 0.069 
40 0.068 0.054 0.059 0.040 0.063 0.044 0.062 
50 0.074 0.05 1 0.063 0.039 0.024 0.044 0.032 0.061 
60 0.072 0.052 0.064 0.038 0.038 0.049 0.036 0.061 
70 0.072 0.041 0.064 0.036 0.026 0.053 0.027 0.060 
80 0.082 0.055 0.062 0.034 0.049 0.030 0.063 
90 0.078 . 0.06 1 0.052 0.023 0.0 1 3  0.052 0.029 0.064 
1 00 0.085 0.039 0.042 0.0 1 3  0.0 1 4  0.045 0.028 0.061 
I 1 0  0.067 0.042 0.0 16  0.0 1 0  0.055 0.029 0.062 
120 0.065 0.047 0.022 0.0 1 6  0.049 0.033 0.064 
130 0.078 0.03 1 0.047 0.0 1 7  0.014 0.05 1 0.027 0.065 
140 0.08 1 0.049 0.023 0.0 1 1  0.040 0.036 0.063 
150 0.082 0.054 0.0 1 3  0.01 4  0.065 0.035 0.066 
160 0.072 0.033 0.047 0.022 0.024 0.048 0.027 0.07 1 
1 70 0.077 0.029 0.02 1 0.026 0.050 0.03 1 
1 80 0.056 0.0 14 0.022 0.03 1 O.D3 1 0.026 0.077 
1 90 O.D75 0.0 1 6  0.0 1 5  0.0 12  0.042 0.025 0.051 
200 0.069 0.0 1 9  0.01 I 0.0 1 3  0.025 0.029 0.026 0.035 
210  0.046 0.0 1 0  0.01 4  0.007 0.032 0.024 0.054 
220 0.030 0.0 1 8  0.0 1 3  0.0 1 0  0.024 0.059 
230 0.025 0.0 1 3  0.007 0.03 1 
240 0.036 0.0 15 0.0 1 9  0.039 
250 0.037 0.0 1 2  
260 0.030 0.0 1 0  
270 0.020 0.0 1 9  
280 
290 
300 0.0 1 8  
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Table A2-2. Carbonate correction factors (as determined using :erocedure in Cha:eter 2) . 
Microlows 
Depth Profile 
LEG 245A I LAC 20 1 I LAC 1 57 I LAC 48 1 I LAW 239 I LAW 469 I LAW 391 I VIC 409 
cm 
1 0  1 .00 1 .00 1 .00 1 .00 1 .00 1 .00 1 .00 1 .00 
20 1 .00 1 .00 1 .00 1 .00 1 .00 1 .00 1 .00 1 .00 
30  1 .00 1 .00 1 .00 1 .00 1 .00 1 .00 1 .00 1 .00 
40 1 .00 1 .00 1 .00 1 .00 1 .00 1 .00 1 .00 1 .00 
50 1 .00 1 .00 1 .00 1 .00 1 .00 1 .00 1 .00 
60 1 .00 1 .00 1 .00 1 .00 1 .00 1 .00 1 .00 1 .00 
70 1 .00 1 .00 1 .00 1 .00 1 .00 1 .00 1 .00 1 .03 
80 1 .00 1 .00 . 1 .00 1 .00 1 .00 1 .00 1 .00 1 .0 1  
90 1 .00 1 .00 1 .00 1 .00 1 .00 1 .00 1 .00 1 .0 1  
1 00 1 .00 1 .00 1 .00 1 .00 1 .00 1 .00 1 .00 1 .05 
1 1 0 1 .00 1 .00 1 .00 1 .00 1 .00 1 .00 1 .0 1  1 .03 
1 20 1 .00 1 .00 1 .00 1 .00 1 .00 1 .00 1 .0 1  1 .04 
1 30 1 .00 1 .00 1 .00 1 .00 1 .00 1 .00 1 .04 1 .05 
140 1 .00 1 .00 1 .0 1  1 .00 1 .0 1  1 .04 1 .07 1 .04 
1 50 1 .00 1 .00 1 .03 1 .00 1 .04 1 .0 1  1 .0 1  1 .05 
1 60 1 .00 1 .04 1 .07 1 .00 1 .05 1 .04 1 .02 1 .05 
1 70 1 .00 1 .00 1 .05 1 .00 1 .25 1 .05 1 .03 1 .04 
1 80 1 .00 1 .04 1 . 1 1 1 .00 1 .28 1 . 1 1 1 .03 1 .09 
1 90 1 .03 1 .08 1 .0 1  1 .26 1 . 1 2 1 .05 1 .05 
200 1 . 1 4  1 .02 1 . 1 5  1 .03 1 .28 1 . 12 1 .05 1 .04 
2 1 0  1 . 1 0  1 . 1 2  1 . 1 1  1 .25  1 . 1 3  1 .04 1 .05 
220 1 .08 1 . 1 0  1 . 12 1 . 1 3  1 . 1 1  1 . 1 0  1 .03 
230 1 .24 1 .04 1 . 1 1 1 . 1 3  1 .20 1 . 12 1 .09 1 .03 
240 1 . 1 2  1 . 1 4  1 . 1 0  1 . 1 9  1 .09 1 .03 
250 1 . 1 0  1 .04 1 . 1 1 1 .09 1 .0 1  
260 1 .02 1 . 1 0  1 .06 1 .08 
270 1 .00 1 .03 1 . 12  1 .07 
280 1 .00 1 . 1 3  
300 1 .07 1 . 1 1 
340 1 .00 




LEG 245A I LAC 20 1 I LAC 157 I LAC 48 I I LAW 239 I LAW 469 I LAW 39 1 I VIC 409 
cm 
1 0  1 .00 1 .00 1 .00 l .00 l .00 1 . 1 1  1 .06 
20 1 .00 1 .00 1 .00 1 .00 l . 12  1 . 1 1 1 .08 
30 1 .00 1 .00 1 .00 1 .00 1 . 1 0  1 .07 
40 1 .02 1 .02 1 .00 1 .00 1 .02 1 . 1 3  1 .08 
50 1 .02 1 .02 1 .00 1 .00 1 . 1 7  1 . 1 2  1 .07 1 .07 
60 1 .03 1 .03 1 .00 1 .00 1 . 1 0 1 . 1 1 1 .05 1 .08 
70 1 .04 1 .06 1 .00 1 .02 1 . 1 5  1 . 1 0 1 . 1 0  1 .07 
80 1 .00 1 .02 1 .00 1 . 1 2  1 . 1 1 1 .08 1 .07 
90 1 .00 1 .02 1 .02 1 .09 1 .23 1 .09 1 .08 1 .07 
1 00 1 .00 1 .07 1 .06 1 . 1 7  1 .22 1 . 1 4  1 .08 l .07 
1 1 0 1 .04 1 .07 1 . 1 5  1 .26 1 .08 1 .09 1 .06 
120 1 .00 1 .05 1 . 1 0 1 .22 1 . 1 0  1 .07 1 .06 
1 30 1 .0 1  1 .07 1 . 1 5  1 .24 1 . 1 0  1 .09 1 .06 
1 40 1 .00 1 .08 1 .05 1 . 1 1 1 .26 1 . 1 6  1 .05 1 .06 
1 50 1 .00 1 .02 1 .20 1 .24 1 .04 1 .05 1 .06 
1 60 1 .00 1 .04 1 .07 1 .  1 6  1 .08 1 .09 1 .05 
1 70 1 .00 1 .  1 2  1 .08 1 .08 1 . 1 5  1 .06 1 .07 
1 80 1 .09 1 . 1 6  1 .07 1 .09 1 . 1 3  1 .09 1 .00 
1 90 1 .04 1 . 1 3  1 . 1 1 1 .2 1  1 .09 I . I O  1 .00 . 
200 1 .04 1 .09 1 . 1 3 1 . 1 4  I . I O  1 . 1 2  1 .09 1 .00 
2 1 0  1 . 1 2  1 . 1 1  1 . 1 3 1 .26 I . I O  I . I O  1 .00 
220 1 . 1 4  1 . 1 3  1 .23 I . J O  1 .00 
230 1 . 1 1 1 .07 I . I  1 1 .25 l .08 
240 1 .03 1 . 1 7  1 .06 
250 1 .03 1 .22 
260 1 .06 1 .08 1 .22 
270 1 .08 1 . 1 9  
370 I . I O  
430 1 . 1 2  
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Tabl e A2-3. Carbonat e-corr ect ed XRF element wt % ( as d et er min ed using procedure in 
Cha Eter 2 ). 
Ti in Microlows 
Depth Pedon designation 
LEG 245A LAC 201 LAC 157 LAC 481 LAW 239 LAW 469 LAW 39I  VIC 409 
cm wto/c 
10 0.57 0.47 0.5 1 0.52 0.49 0.38 0.39 0.35 
20 0.70 0.47 0.52 0.54 0.5 1 0.40 0.42 0.36 
30 0.59 0.50 0.53 0.53 0.50 0.41 0.40 0.36 
40 0.58 0.50 0.52 0.53 0.50 0.42 0.40 0.37 
50 0.57 0.52 0.53 0.50 0.41 0.40 0.36 
60 0.58 0.49 0.53 0.55 0.52 0.41 0.40 0.36 
70 0.57 0.47 0.52 0.53 0.5 1 0.40 0.40 0.35 
80 0.58 0.46 0.51 0.53 0.5 1 0.42 0.41 0.34 
90 0.57 0.48 0.53 0.53 0.5 1 0.42 0.40 0.36 
100 0.47 0.53 0.53 0.5 1 0.44 0.4 1 0.33 
1 10 0.56 0.49 0.54 0.54 0.50 0.44 0.39 0.34 
1 20 0.55 0.52 0.54 0.55 0.50 0.44 0.40 0.35 
130 0.54 0.50 0.54 0.54 0.52 0.43 0.39 0.34 
140 0.55 0.52 0.52 0.54 0.50 0.42 0.37 0.35 
1 50 0.56 0.49 0.52 0.53 0.49 0.43 0.41 0.34 
1 60 0.55 0.45 0.49 0.55 0.48 0.42 0.41 0.34 
1 70 0.55 0.49 0.50 0.54 0.39 0.43 0.42 0.33 
1 80 0.55 0.46 0.49 0.54 0.39 0.42 0.41 0.32 
1 90 0.52 0.48 0.51 0.37 0.43 0.39 0.33 
200 0.47 0.48 0.43 0.51 0.39 0.43 0.39 0.35 
2 10  0.48 0.45 0.44 0.36 0.39 0.39 0.35 
220 0.50 0.48 0.42 0.39 0.37 0.35 0.35 
230 0.36 0.44 0.43 0.42 0.38 0.38 0.35 0.35 
240 0.49 0.42 0.43 0.36 0.34 0.35 
250 0.49 0.44 0.42 0.36 
260 0.53 0.46 0.45 0.3 1 
270 0.56 0.45 0.36 0.32 




Ti in Microhighs 
Depth Pedon designation 
LEG 245A LAC 20 1 LAC 1 57 LAC 481 LAW 239 LAW 469 LAW 391 VJC 409 
cm wto/c 
IO 0.55 0.45 0.50 0.51 0.47 0.42 0.37 
20 0.59 0.48 0.52 0.54 0.44 0.42 0.35 
30 0.54 0.49 0.50 0.54 0.43 0.37 
40 0.54 0.47 0.5 1 0.55 0.50 0.42 0.38 
50 0.53 0.46 0.51 0.54 0.40 0.43 0.37 0.35 
60 0.53 0.45 0.50 0.54 0.46 0.4 1 0.39 0.37 
70 0.52 0.42 0.51 0.52 0.42 0.43 0.33 0.36 
80 0.55 0.46 0.50 0.44 0.42 0.35 0.38 
90 0.56 0.46 0.5 1 0.50 0.35 0.43 0.36 0.39 
100 0.54 0.4 1 0.49 0.43 0.35 0.42 0.36 0.39 
1 10 0.51 0.49 0.47 0.32 0.45 0.35 0.38 
120 0.55 0.50 0.49 0.36 0.43 0.37 0.38 
130 0.52 0.4 1 0.48 0.46 0.34 0.43 0.35 0.38 
140 0.53 0.49 0.50 0.32 0.44 0.38 0.37 
1 50 0.53 0.5 1 0.41 0.34 0.45 0.37 0.38 
160 0.55 0.38 0.50 0.5 1 0.40 0.43 0.36 0.37 
170 0.54 0.45 0.50 0.42 0.45 0.37 
1 80 0.48 0.44 0.50 0.46 0.42 0.36 0.32 
1 90 0.51  0.43 0.46 0.36 0.43 0.34 0.30 
200 0.5 1 0.42 0.42 0.46 0.45 0.42 0.34 0.25 
2 10  0.47 0.43 0.50 0.33 0.44 0.36 0.30 
220 0.48 0.42 0.46 0.32 0.33 0.32 
230 0.49 0.44 0.29 0.34 
240 0.5 1 0.37 0.32 
250 0.50 0.3 1 
260 0.50 0.32 





Zr in Microlows 
Depth Pedon designation 
LEG 245A LAC 201 LAC 1 57 LAC 481 LAW 239 LAW 469 LAW 39J VJC 409 
cm wt'¾ 
JO  0.095 0. 1 0 1  0.060 0.045 0.083 0. 1 04 0.056 0. 123 
20 0.086 0. 1 1 0 0.055 0.045 0.074 0. 1 03 0.051 0. 1 13 
30 0.090 0 . 124 0.057 0.045 0.078 0.098 0.056 0. 1 14 
40 0.082 0. 100 0.055 0.049 0.076 0.093 0.052 0. 109 
50 0.078 0.058 0.049 0.078 0.096 0.055 0. 108 
60 0.070 0.093 0.060 0.053 0.074 0.086 0.054 0. 1 12 
70 0.074 0. 104 0.059 0.05 1 0.075 0.090 0.054 0.095 
80 0.074 0.088 0.062 0.052 0.072 0.090 0.054 0.095 
90 0.084 0.088 0.057 0.041 0.073 0.088 0.053 0.098 
100 0.068 0.053 0.054 0.075 0.089 0.052 0.090 
1 1 0 0.088 0.059 0.054 0.040 0.076 0.085 0.046 0.091 
120 0.082 0.054 0.054 0.042 0.078 0.088 0.043 0.080 
130 0.081 0.055 0.056 0.042 0.077 0.088 0.040 0.075 
140 0.078 0.063 0.059 0.042 0.073 0.072 0.030 0.081 
1 50 0.073 0.068 0.053 0.045 0.068 0.086 0.042 0.079 
160 0.071 0.050 0.051 0.042 0.063 0.075 0.040 0.072 
170 0.070 0.072 0.050 0.042 0.016 0.061 0.040 0.076 
1 80 0.076 0.020 0.036 0.040 0.0 1 1 0.038 0.040 0.071 
1 90 0.069 0.027 0.036 0.010  0.027 0.036 0.069 
200 0.038 0.026 0.01 4  0.031 0.01 2  0.028 0.038 0.079 
210 0.047 0.0 16  0.016  0.0! 1 0.025 0.038 0.069 
220 0.056 0.01 3  0.01 5  0.033 0.045 0.024 0.086 
230 O.o28 0.025 0.012 0.014 0.0 1 1 0.036 0.026 0.088 
240 0.035 0.010  0.0 1 5  0.0 12 0.025 0.082 
250 0.039 0.035 0.0 16  0.090 
260 0.058 0.018 0.036 0.038 
270 0.036 0.026 0.049 0.020 
280 0.030 0.03 1 
290 
300 0.0 17  
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Zr in Microhighs 
Depth Pedon designation 
LEG 245A LAC 201 LAC 1 57 LAC 481 LAW 239 LAW 469 LAW 391  VIC 409 
cm wt'¼ 
IO  0.079 0.070 0.056 0.038 0.082 0.049 0.080 
20 0.080 0.061 0.057 0.039 0.047 0.052 0.068 
30 0.081 0.056 0.057 0.040 0.054 0.074 
40 0.069 0.055 0.059 0.040 0.066 0.050 0.067 
50 0.076 0.052 0.063 0.039 0.029 0.049 0.034 0.065 
60 0.074 0.054 0.064 0.038 0.043 0.055 0.038 0.066 
70 0.075 0.044 0.064 0.036 0.03 1 0.058 0.030 0.064 
80 0.082 0.056 0.062 0.038 0.054 0.032 0.068 
90 O.D78 0.062 0.054 0.025 0.016 0.057 0.03 1 0.068 
1 00 0.085 0.042 0.045 0.016 0.017 0.05 1 0.030 0.065 
1 1 0 0.069 0.045 0.01 8  0.0 1 3  0.060 0.03 1 0.066 
120 0.065 0.050 0.024 0.020 0.054 0.035 0.068 
1 30 0.078 0.034 0.050 0.020 0.017  0.056 0.029 0.069 
140 0.081 0.052 0.026 0.014 0.047 0.038 0.066 
1 50 0.082 0.055 0.0 15 0.0 1 7  0.068 0.037 0.070 
160 0.072 0.037 0.049 0.023 0.029 0.052 0.029 0.074 
170 0.078 0.03 1 0.023 0.030 0.053 0.033 
1 80 0.061 0.0 16 0.023 0.034 0.035 0.029 0.077 
190 0.078 0.020 0.018  0.017 0.0 1 5  0.046 0.027 0.051 
200 0.072 0.012 0.01 5  0.028 0.032 0.028 0.035 
210  0.051 0.0 1 9  0.01 1 0.016  0.009 0.035 0.026 0.054 
220 0.034 0.0 15 0.012 0.027 0.059 
230 0.028 0.01 5  0.009 0.033 
240 0.037 0.022 0.041 
250 0.038 0 .016 0.01 5  
260 0.032 0.012 





Table A2-4. Dry clod bulk density (BD) values 
LEG 245 A 
Microhillh Microlow 
Horizon I Depth BD Horizon I Depth BD 
cm Mg m-3 cm Mg m-3 
Ap 0-1 5  1 .839 Ap 0- 1 6  1 .598 
A 1 5-26 1 .806 Bssl 1 6-43 1 .765 
Bkg 26-46 1 .763 Bss2 43-72 1 .827 
Bsskgl 46-67 1 .799 Bss3 72-1 04 1 .895 
Bsskg2 67-96 1 .840 Bss4 I 04- 1 1 5  1 .885 
Bsskg3 96-1 20 1 .759 Bss5 1 1 5- 144 1 .934 
Bsskg4 1 20- 1 54 1 .907 Bss6 1 44- 1 56 1 .962 
Bsskg5 1 54- 1 73 1 .952 Bss7 1 56- 1 74 1 .845 
Bkssg4 260 1 .9 1 7  Bkss 1 74-223 1 .966 
Bss 320 1 .95 1 B'ssl 223-252 1 .926 
B'ss2 252-275 1 .93 I 
LAC 20 1 
Ak 1 0  1 .754 A 1 0  1 .686 
Bkss l 20 1 .836 Bw 20 1 .737 
Bkss2 30 1 .762 30 1 .758 
40 1 .795 40 1 .858 
Bkssgl 50 1 .746 Bssl 50 1 .757 
60 1 .790 60 1 .822 
Bkssg2 70 1 .841 Bss2 70 1 .763 
80 1 .898 80 1 .834 
90 1 .844 Bss3 90 1 .909 
1 00 1 .866 1 00 1 .930 
Bkssg3 1 05- 148 1 .879 1 1 0 1 .832 
B'kssl 1 48- 1 77 1 .96 1 Bss4 120 1 .929 
B'ssl 202-235 1 .754 130 1 .686 
B'ss2 235-270 1 .836 140 1 .737 
Bkssl 1 50 1 .758 
2 14 
LAC 20 1 
Microhigh Microlow 
Horizon I Depth BD Horizon I Depth BD 
cm Mg m-3 cm Mg m-3 
1 60 1 .858 
1 70 1 .757 
Bkss2 1 80 1 .929 
LAC 1 57 
Akl 1 0  1 .693 A2 I O  1 .8 1 5  
Ak2 20 1 .736 20 1 .762 
30 1 .777 Bssl 30 1 .700 
Bkssl 40 1 .666 40 1 .761 
50 1 .705 50 1 .706 
60 1 .754 Bss2 60 1 .878 
Bkss2 70 1 .745 70 1 .733 
80 1 .771 80 l .787 
Bkss3 90 1 .686 90 1 .841 
1 00 1 .8 1 6  Bss3 1 00 1 .785 
1 I O  1 .837 1 IO  1 .862 
1 20 1 .822 1 20 1 .880 
Bkss4 1 30 1 .805 Bkssl 130  1 .9 13 
1 40 1 .868 1 40 1 .9 1 1 
Bkss5 1 50 1 .883 1 50 1 .888 
1 60 1 .783 Bkss2 1 60 1 .844 
1 70 1 .858 1 70 1 .900 
Bssl 1 80 1 .854 Bkss3 1 80 1 .857 
1 90 1 .844 1 90 1 .855 
200 1 .848 200 1 .845 
Bss2 2 1 0  1 .775 B'ssl 2 1 0  1 .9 1 6  
B'ss2 220 1 .9 1 5  
230 2.008 




Horizon I Depth BD Horizon I Depth BD 
cm Mg m-3 cm Mg m-3 
Aid 1 0  1 .679 A l  IO 1 .634 
Ak2 20 1 .663 A2 20 1 .69 1 
30 1 .639 Bssl 30 1 .776 
Bkssl 40 1 .652 40 1 .787 
50 1 .673 50 1 .873 
60 1 .6 19  Bss2 60 1 .893 
70 1 .6 1 7  70 1 .888 
Bkss2 80 1 .643 80 1 .822 
90 1 .720 Bss3 90 1 .844 
Bkss3 1 00 1 .7 17  1 00 1 .7 1 3  
1 1 0 1 .823 1 1 0 1 .824 
1 20 1 .742 1 20 1 .822 
130  1 .78 1 Bss4 1 30 1 .848 
140 1 .7 12  140 1 .761 
Bkss4 1 50 1 .8 1 8  Bkssl 1 50 1 .8 1 7  
1 60 1 .884 1 60 1 .720 
1 70 1 .773 Bkss2 1 70 1 .728 
Bssl 1 80 1 .860 Bkss3 1 80 1 .865 
1 90 1 .863 1 90 1 .865 
200 1 .899 Bkss4 200 1 .856 
2 1 0  1 :803 2 1 0  1 .789 
220 1 .853 220 1 .896 
230 1 .776 230 1 .807 
240 1 .9 1 7  
2C 440 1 .880 250 1 .865 
2 1 6  
LAW 239 
Microhigh Microlow 
Horizon I Depth BD Horizon I Depth BD 
cm Mg m-3 cm Mg m-3 
A 0-1 0 1 .768 A l  0- 1 3  1 .847 
Ak 1 0-26 1 .797 A2 1 3-29 1 .835 
Bsskl 26-58 1 .824 Bssl 29-56 1 .834 
Bkss2 58-90 1 .836 Bss2 56-94 1 .842 
Bssk3 90-120 NA Bss3 94- 14 1  1 .896 
Bssk4 120-145 1 .892 Bkssl 1 4 1 - 1 56 1 .898 
Bssk5 145-1 65 1 .88 1  Bkss2 1 56-168 1 .844 
Bssk6 1 65-208 1 .869 Bkss3 1 68-1 83 1 .778 
Bss 208-235 1 .9 1 5  B'ss l 1 83-208 1 .857 
BCI 235-270 1 .947 B'ss2 208-244 1 .929 
BCx 244-272 1 .805 
2C 272-320 1 .704 
LAW 469 
Ak 0-1 1 1 .745 A 0-2 1 1 .855 
Bk 1 1 -28 1 .742 Bssl 2 1 -42 1 .857 
Bkss l 28- 1 1 9  1 .9 1 8  Bss2 42-63 1 .897 
Bkss2 1 1 9- 172 NA Bss3 63-82 1 .847 
Bkss3 1 72-198 1 .906 Bkssl 82-1 1 3  1 .848 
Bss 1 98-205 1 .858 Bkss2 1 1 3 - 14 1  1 .865 
Bss2 205-265 1 .9 1 6  Bkss3 14 1 - 1 55 1 .949 
B'ssl 1 55- 1 66 1 .922 
B'ss2 1 66-1 97 1 .861 
LAW 391 
A 0- 12  1 .690 A l  0-9 1 .799 
Ak 12-33 1 .730 A2 9-28 1 .7 1 9 
Bkss l 33-59 1 .777 Bssl 28-56 1 .783 
Bkss2 59-92 1 .8 1 0  Bss2 56-79 1 .827 
217 
LAW 391  
Microhigh Microlow 
Horizon I Depth BD Horizon I Depth BD 
cm Mg m-3 cm Mg m-3 
Bkss3 92- 127 1 .8 1 5  Bkss l 79-1 04 1 .804 
Bkss4 1 27- 1 50 1 .842 Bkss2 1 04- 160 1 .808 
Bkss5 1 50- 1 83 1 .853 Bkss3 1 60-1 95 1 .8 1 3  
Bkss6 1 83-235 1 .867 Bkss4 1 95-224 1 .840 
B'ss 224-239 1 .909 
VIC 409 
A 0- 1 5  1 .622 A 0- 1 0  1 .804 
Bw 1 5-36 1 .842 Bw 1 0-26 1 .828 
Bssl 36-54 1 .905 Bssl 26-54 1 .832 
Bss2 54-73 1 .893 Bss2 54-75 1 .805 
Bkssl 73- 1 1 9  1 .869 Bkssl 75- 1 14 1 .82 1 
Bkss2 1 19- 144 1 .789 Bkss2 1 14-14 1  1 .781  
Bkss3 144-1 95 1 .7 1 1 Bkss3 14 1 - 1 63 1 .7 1 0  
Bkssyl 1 95-2 14  1 .777 Bkss4 1 63- 178 1 .725 
Bkssyl 1 78-2 1 0  1 .670 
Bkssy2 2 1 0-230 1 .705 
Bkssy3 230-275 1 .750 
Bssvl 275-300 1 .833 
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Table A2-5. Volumetric elemental content. 
Ti in Microlows 
Depth Pedon designation 
LEG 245A LAC 20 1 LAC 1 57 LAC 48 1 LAW 239 LAW 469 LAW 391 VJC 409 
cm gcm·3 
1 0  9.052 7.936 9.223 8.536 8.971 7.075 6.946 6.359 
20 1 1 . 1 79 8. 1 5 1  9. 139 9. 1 02 9.434 7.440 7.5 17  6.51 3  
30 1 0.442 8.779 8.996 9.325 9.264 7.677 6.840 6.5 15  
40 10 . 1 60 9.240 9.243 9.450 9 . 163 7.750 7.086 6.755 
50 10.4 19  8.885 9.872 9 . 193 7.787 7. 1 92 6.625 
60 1 0.594 8.913 9.928 10.371 9.479 7.8 12 7.229 6.430 
70 10 .465 8.468 9.035 9.996 9.446 7.429 7.377 6.358 
80 1 0.992 8.395 9. 1 96 9.71 7  9.469 7.770 7.471 6. 145 
90 1 0.733 9.078 9.705 9.826 9.448 7.852 7.302 6.5 12  
100 9.039 9.381  9.023 9.465 8.075 7.404 5.995 
I IO 1 0.626 8.894 1 0. 147 9.778 9.548 8. 1 30 7.090 6.247 
120 1 0.588 9.987 10. 1 12 1 0.023 9.457 8.228 7. 1 84 6.242 
1 30 1 0.474 9.649 10.287 10.046 9.788 8.060 6.976 5.999 
140 1 0.547 1 0.268 9.9 1 7  9.479 9.564 7.791 6.656 6.265 
1 50 1 0.850 9.580 9.83 1 9.659 9.359 8.407 7.444 5.875 
160 10 .843 8.869 9.066 9.385 8.907 8.257 7.406 5.732 
170 1 0. 1 99 9.4 16  9.466 9.349 6.876 8.328 7.526 5.771 
1 80 10 . 1 50 8.403 9.048 9.979 6.949 7.823 7.502 5.348 
1 90 10 . 1 97 8.943 8.538 6.885 7.997 7.048 5.580 
200 9. 144 9.048 7.885 9.449 7.272 7.998 7.201 5.769 
210  9.4 1 1 8.6 1 1 7.782 6.688 7.346 7. 1 1 8  5.767 
220 9.856 9. 1 22 7.939 7.543 6.899 6.582 5.899 
230 6.977 8.68 1 8.594 7.549 7.260 7.062 6.616  6.03 1 
240 9.36 1 7.771 8.2 1 1  6.908 6.493 6 . 1 86 
250 9.470 8.680 7.8 13  6.349 
260 10 .227 8.486 8 . 127 5.342 
270 10 .8 1 5  8.0 1 1  6.452 5.6 10 




Ti in Microhighs 
Depth Pedon designation 
LEG 245A LAC 201 LAC 157 LAC 48 1 LAW 239 LAW 469 LAW 391 VIC 409 
cm gem·' 
10 10.046 7.859 8.492 8.646 8.238 7.361 5.952 
20 10.760 8.899 8.965 9 .0 1 5  7.889 7.350 6. 1 09 
30 9.84 1 8.593 8.9 18 8.9 1 5  7.489 6.85 1 
40 9.545 8.353 8.487 9.061 9 . 1 92 7.362 7.052 
50 9.314 8.085 8.689 8.985 7.329 8.3 12  6.733 
60 9.549 8.034 8.814 8.764 8.3 13  7.840 6.622 7. 1 14 
70 9.322 7.71 5  8.9 13  8.482 7.627 8 . 1 80 7.078 6.760 
80 10.032 8.7 10 8.880 8.049 8. 1 15 5.965 7. 1 03 
90 10.2 1 8  8.540 8.539 8.571 6.4 1 2  8.253 6.408 7.245 
100 9.966 7.579 8.834 7.386 6.597 8.039 6.54 1 7.268 
1 10 9.041 8.9 1 8  8.5 1 3  6.028 8.723 6.493 7. 1 55 
120 9.714 9.097 8.522 6.721 8.266 6.34 1 7.020 
130 9.864 7.645 8.657 8. 1 1 8 6.499 8.2 17  6.781 6.853 
140 1 0.053 9.224 8.61 2  6.062 8.402 6.509 6.586 
1 50 10.053 9.590 7.401 6.445 8.552 7.064 6.599 
160 10.702 7.398 8.863 9.640 7.607 8.292 6.883 6.292 
1 70 10.538 8.440 8.893 7.944 8.578 6.638 
1 80 9.290 8. 142 9.366 8.621 7.999 6.792 5.444 
1 90 9.769 7.927 8.514 6.712 8. 138 6.678 5.269 
200 9.862 7.880 7.682 8.640 8.389 7.887 6.403 4.452 
2 1 0  9.043 7.668 9.033 6.257 8.343 6.430 5.359 
220 9. 1 94 7.379 8.599 6 . 160 6.754 5.707 
230 9.4 19  5.637 6.220 
240 9.769 7. 18 1  6.4 1 8  
250 9.740 6.076 6. 1 1 0 
260 9.668 7.892 6.278 





Zr in Microiows 
Depth Pedon designation 
LEG 245A LAC 201 LAC 157 LAC 481 LAW 239 LAW 469 LAW 391 VJC 409 
cm gem·' 
10  l . 5 19  1 .706 1 .08 1 0.741 1 .535 1 .927 1 .009 2.2 15 
20 1 .369 1 .904 0.978 0.765 1 .369 l .904 0.910 2.072 
30 1 .590 2 . 186 0.977 0.806 1 .427 l .826 0.954 2.084 
40 1 .455 1 . 865 0.962 0.882 1 .397 1 .722 0.927 2.006 
50 1 .428 0.984 0.927 1 .435 1 .820 0.975 1 .977 
60 1 .278 1 .692 1 . 132 0.999 1 .359 1 .640 0.977 2.0 16 
70 1 .349 1 .862 1 .022 0.968 1 .384 1 .658 0.984 1 .708 
80 1 .393 1 .6 17  1 . 1 10 0.946 1 .323 1 .667 0.979 1 .71  l 
90 l .592 1 .673 1 .058 0.764 1 .344 1 .621 0.958 1 .783 
100 1 .306 0.953 0.924 1 .410 1 .642 0.936 1 .633 
1 10 l .659 1 .083 0.999 0.726 l .449 1 .575 0.830 1 .660 
120 l .593 1 .040 1 .015 0.768 1 .483 1 .646 0.769 l .418 
130 1 .560 1 .072 1 .080 0.768 l .467 1 .639 0.725 1 .340 
140 l .5 15  1 .245 1 . 120 0.746 1 .390 1 .349 0.545 1 .439 
150 1 .410 1 .332 1 .004 0.8 17 1 .298 1 .676 0.761 1 .357 
160 1 .388 0.983 0.941 0.723 1 . 1 56 1 .463 0.730 1 .23 1 
1 70 1 .286 1 .390 0.949 0.718 0.284 1 . 177 0.732 1 .308 
1 80 l .404 0.372 0.664 0.748 0.203 0.706 0.719 1 . 1 89 
190 1 .364 0.496 0.597 0. 1 95 0.494 0.652 1 . 1 50 
200 0.746 0.482 0.261 0.571 0.2 15 0.5 1 7  0.689 1 .327 
2 10  0.926 0.303 0.291 0.209 0.473 0.696 1 . 148 
220 l . l lO 0.242 0.292 0.646 0.834 0.455 1 .460 
230 0.540 0.486 0.237 0.260 0.204 0.667 0.495 1 .493 
240 0.680 0. 1 94 0.291 0.240 0.471 1 .431 
250 0.746 0.686 0.290 1 .567 
260 1 . 128 0.327 0.650 0.673 
270 0.703 0.468 0.893 0.350 
280 0.577 0.567 
290 
300 0.3 12 
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Zr in Microhighs 
Depth Pedon designation 
LEG 245A LAC 201 LAC 157 LAC 481 LAW 239 LAW 469 LAW 391 VIC 409 
cm mgcm·' 
1 0  1 .46] 1 .233 0.941 0.644 1 .452 0.863 1 .290 
20 1 .463 1 . 1 1 7 0.988 0.652 0.853 0.914 1 . 1 79 
30 1 .462 0.987 1 .008 0.65 1 0.934 1 .371 
40 1 .224 0.983 0.991 0.657 1 . 1 97 0.874 1 .250 
50 . 1 .337 0.904 1 .072 0.659 0.532 0.942 0.6 1 2  1 .247 
60 1 .327 0.963 1 . 124 0.6 17  0.786 1 .046 0.683 1 .260 
70 1 .342 0.802 I . I  I I 0.580 0.572 1 . 1 06 0.539 1 .207 
80 1 . 5 1  I 1 .059 1 .090 0.706 1 .042 0.584 1 .284 
90 1 .43 1 1 . 146 0.902 0.427 0.295 1 .096 0.569 1 .275 
1 00 1 .562 0.788 0.821 0.267 0.324 0.973 0.553 1 .2 1 9  
1 10 1 .2 1 3  0.8 1 9  0.327 0.237 1 . 1 5 ]  0.57 1 1 .233 
1 20 1 . 1 43 0.904 0.422 0.365 1 .030 0.638 1 .262 
1 30 1 .493 0.634 0.91 0  0.356 0.323 1 .072 0.534 1 .235 
140 1 .54 ] 0.973 0.443 0.264 0.895 0.706 1 . 1 88 
1 50 1 .562 1 .034 0.280 0.325 1 .295 0.686 1 .223 
160 1 .409 0.7 17  0.878 0.442 0.544 0.996 0.544 1 .268 
1 70 1 .5 1 3  0.576 0.405 0.569 1 .0 1 7  0.620 
1 80 1 . 1 73 0.30 1 0.436 0.640 0.676 0.53 1 1 .3 1 2  
1 90 1 . 5 1 0  0.332 0.320 0.275 0.869 0.5 1 3  0.887 
200 1 .40] 0.380 0.222 0.276 0.527 0.602 0.527 0.628 
2 10  0.991 0. 1 97 0.292 0 . 16 1  0.671 0.494 0.958 
220 0.654 0.332 0.273 0.237 0.495 1 .046 
230 0.539 0. 1 7 1  0.6 1 8  
240 0.71 8  0.430 0.779 
250 0.727 0.286 
260 0.607 0.302 0.233 





Table A2-6. Particle size distribution data. 
LEG 245 A 
Microhicli Microlow 
Horizon I Depth Sand I Silt I Clay Horizon I Depth Sand I Silt I Clay I 
cm wt°/c cm -- wt°/c 
Ap 0- 15  1 1 .7 39.4 48.9 Ap 0- 16  1 1 .0 4 1 .6 47.4 
A 1 5-26 1 0.8 43 .0 46.2 Bssl 1 6-43 10 . 1  42.2 47.7 
Bkg 26-46 13 .4 38 . 1  48.5 Bss2 43-72 9.7 39.2 5 1 . 1  
Bsskgl 46-67 12.5 38.2 49.3 Bss3 72- 104 9.7 38.4 5 1 .9 
Bsskg2 67-96 1 3 .3 36.8 49.9 Bss4 1 04- 1 1 5  10.9 36.7 52.4 
Bsskg3 96- 120 1 3 .2 38.2 48.6 Bss5 1 1 5- 144 1 0.0 37.9 52. 1 
Bsskg4 1 20- 1 54 12.4 38. i 49.5 Bss6 144- 156 9.5 37.7 52.8 
Bsskg5 1 54-1 73 14.9 42.9 45.5 Bss7 1 56-1 74 1 1 .4 42.3 46.3 
Bkssg4 260 7.4 4 1 .7 50.9 Bkss 1 74-223 9.2 4 1 .8 49.0 
Bss 320 4.3 35.8 59.9 B'ssl 223-252 4.5 33.6 6 1 .9 
B'ss2 252-275 2.8 30.8 66.4 
LAC 201 
Ak 0-1 0  20.7 35.8 43.5 A 0- 16  2 1 .3 42.6 36.2 
Bkssl 1 0-27 1 7.7 32.4 49.9 Bw 1 6-44 2 1 .6 42.6 35.8 
Bkss2 27-49 19 . 1  33.0 47.9 Bssl 44-65 2 1 .4 4 1 .3 37.3 
Bkssgl 49-67 1 9.7 35.2 45 . 1  Bss2 65-88 1 8.8 34.9 46.3 
Bkssg2 67-1 05 20.2 33.0 46.8 Bss3 88-1 1 7  1 7.4 30. l 52.5 
Bkssg3 1 05-148 2 1 . 1  34.1 44.8 Bss4 1 1 7-1 5 1  1 8. 1  32.2 49.7 
B'kssl 1 48-165 1 8.9 34.8 46.3 Bkssl 1 5 1 - 1 77 1 8.0 35.5 46.5 
B'kss2 1 65-202 9.2 37.9 52.9 Bkss2 1 77-212 7.2 3 1 .2 6 1 .6 
B'ss l 202-235 2.7 40.9 56.4 B'ssl 2 12-242 6.7 34.7 58.6 
B'ss2 235-270 1 .7 40.3 58.0 B'ss2 242-26 1 2.9 48.2 48.9 
B'ss3 26 1 -279 2.6 49.6 47.8 
B'ss4 279-300 1 .7 43.8 54.5 
LAC 157 
Akl 0-1 0  1 1 .4 34.8 53.8 A l  0-1 0  1 1 .4 37.4 5 1 .2 
Ak2 1 0-28 1 1 .6 33.9 54.5 A2 10-29 1 0.5 36.4 53. 1  
Bkss l 28-70 14.7 33 .4 5 1 .9 Bss l 29-6 1 1 0.7 33 . 1  56.2 




Horizon I Depth Sand I Silt I Clay Horizon I Depth Sand I Silt I Clav I 
cm wt°/4------------- cm wt%-
Bkss3 95-129 1 1 .8 34.8 53.4 Bss3 1 03- 135  1 1 .5 32.6 55.9 
Bkss4 1 29-144 1 2.7 34.3 53.0 Bkssl 1 35-1 58 1 3 .9 32.8 53.3 
Bkss5 144-1 76 5.2 34. 1 60.7 Bkss2 1 58- 1 75 1 1 .4 33 .0 55.6 
Bssl 1 76-2 1 0  1 .6 3 1 .7 66.7 Bkss3 1 75-193 5.9 33 .5 60.6 
Bss2 2 10-240 1 .3 26.8 7 1 .9 B'ss l 1 93-2 1 6  2.2 29.0 68.8 
B'ss2 2 16-240 1 .5 26.6 7 1 .9 
B'ss3 240-272 2.3 26.0 7 1 .7 
B'ss4 272-300 3 .0 27.7 69.3 
LAC 48 1 
Aki 0-1 5  7.3 27.2 65.5 A l  0- 1 2  7.7 29.9 62.4 
Ak2 1 5-33 6.3 26.6 67. 1 A2 12-28 7. 1 30.4 62.5 
Bkssl  33-78 6.9 27.5 65.6 Bss l 28-59 8.4 33 .5 58.1  
Bkss2 78- 1 04 4.4 37. 1 58.5 Bss2 59-83 7.4 32.1 60.5 
Bkss3 1 04-157 9 .8  27.9 62.3 Bss3 83-123 7.3 30.5 62.2 
Bkss4 1 57- 1 8 1  9.4 29.4 6 1 .2 Bss4 123-147 7.7 28.0 64.3 
Bssl 1 8 1 -260 1 .2 38.6 60.2 Bkss l 1 47-1 65 9.0 28.0 63 .0 
Bss2 260-300 1 .0 43.2 55.8 Bkss2 1 65-1 76 1 .8 36.9 6 1 .3 
2C 3 80-405 1 . 1  42.7 56.2 Bkss3 1 76-200 1 .3 36.5 62.2 
Bkss4 200-250 1 .0 37.4 6 1 .6 
LAW 239 
A 0-1 0  1 4.6 37.9 47.5 A l  0- 1 3  14 . 1  36.9 49.0 
Ak 1 0-26 1 4.9 35.7 49.4 A2 1 3-29 1 2.4 35.9 5 1 .7 
Bsskl 26-58 1 3 . 1  37. 1 49.8 Bss l 29-56 1 1 .9 35.8 52.3 
Bssk2 58-90 1 0.6 4 1 .5 47.9 Bss2 56-94 1 1 . 1  35.4 53.5 
Bssk3 90-1 20 4.7 48.7 46.6 Bss3 94- 14 1  14 . 1  34.6 5 1 .3 
Bssk4 1 20-145 4.7 50.3 45.0 Bkssl 14 1 - 1 56 1 2.9 34.9 52.2 
Bssk5 145-1 65 4.2 50.9 44.9 Bkss2 1 56-1 68 8.3 45.0 46.7 
Bssk6 1 65-208 1 .7 5 1 .4 46.9 Bkss3 1 68-1 83 4. 1 50.8 45. 1 
Bss 208-235 0.4 55.7 43.9 B'ss l 1 83-208 0.8 55.4 43.8 




Horizon I Depth Sand I Silt I Clay Horizon I Depth Sand I Silt I Clay I 
cm wt°/4------------- cm wt°/o 
BCx 244-272 l .7 63.2 35. l 
2C 272-320 62.9 29.2 7.9 
LAW 469 
Ak 0- 1 1  1 9.4 29.0 5 1 .6 A 0- 1 6  25.3 24.0 50.7 
Bk 1 1 -28 1 8.4 29.4 52.2 Bss l 1 6-43 25.0 25.2 49.8  
Bkssl 28- 1 1 9  1 8 .4 29.2 52.4 Bss2 43-74 2 1 . 1  25.7 53.2 
Bkss2 1 19- 1 72 1 6.2 29.5 54.3 Bss3 74- 1 1 8  20.8 22.9 56.3 
Bkss3 1 72-1 98 1 2.3 29. l 58.6 Bkssl 1 1 8- 1 54 22.4 22.5 55. 1 
Bssl 1 98-205 3 .3  28.8 67.9 Bkss2 1 54-1 76 9.7 30.3 60.0 
Bss2 205-245 4.0 28.7 67.3 B'ss l 1 76-222 1 3 .5 27.4 59. 1 
B'ss2 222-245 22.3 28.9 48.8 
B'ss3 245-265 1 7.0 29.4 53.6 
LAW 391  
A 0-1 2  1 9. 1  25.6 55.3 A l  0-9 1 9.4 2 1 .7 58.9 
Ak 1 2-33 1 9.7 25.4 54.9 A2 9-28 1 8. 1  2 1 .4 60.5 
Bkssl 33-59 1 9.4 26.3 54.3 Bssl 28-56 1 7.6 2 1 .2 6 1 .2 
Bkss2 59-92 1 9.6 24.5 55.9 Bss2 56-79 1 7.7 22.2 60. 1 
Bkss3 92-127 1 5 .7 26.7 57.6 Bkss l 79-1 04 1 8.8 2 1 .3 59.9 
Bkss4 127- 1 50 1 5 .4 25.9 58.7 Bkss2 1 04-1 60 1 6.5 22.5 6 1 .0 
Bkss5 1 50- 1 83 1 4.2 30.3 55.5 Bkss3 1 60- 1 95 1 3 .3 25 . 1  6 1 .6 
Bkss6 1 83-235 1 9.5 30.4 50. 1 Bkss4 1 95-224 8.9 34.5 56.6 
B'ss 224-237 1 2.2 34.0 53.8 
VIC 409 
A 0-1 5  26.7 22.7 50.6 A 0-1 0  27.2 23.6 49.2 
Bw 1 5-36 22.9 24.2 52.9 Bw 1 0-26 25.4 2 1 .8 52.8 
Bss l 36-54 22.5 24. 1 53 .4 Bssl 26-54 25.5 22.2 52.3 
Bss2 54-73 20.6 24.7 54.7 Bss2 54-75 26. 1 22. 1  5 1 .8 
Bkssl 73- 1 1 9  1 9.2 24.2 56.6 Bkssl  75- 1 14  25.2 23.2 5 1 .6 
Bkss2 1 1 9- 144 1 6.4 26.5 57. 1 Bkss2 1 14- 14 1  2 1 .9 28.2 49.9 




Horizon I Depth Sand I Silt I Clay Horizon I Depth Sand I Silt I Clay I 
cm - -wt°/4 cm --wt"/4 
Bkssyl 1 95-2 14  2 1 .2 3 1 .9 46.9 Bkss4 1 63- 1 78 22.6 26.3 5 1 . 1  
Bkssy2 2 14-23 1 1 9.5 34.9 45.6 Bkssyl 1 78-2 1 0  1 9.4 30. 1 50.5 
Bkssy3 23 1 -275 1 8.4 37.2 44.4 Bkssy2 2 1 0-230 23 .6 30.3 46. 1 
Bssy1 275-300 2 1 .9 30.9 47.2 
Bssv2 300-330 6.3 39.9 53.8 
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Table A2-7. Mean separations between upper and lower unit Ti and Zr contents. 
Element Profile Statistical Criterion 
Mean Least significant difference (lsd) valuesb Significancec 
separation° 
95% I 97.5% I 99% 
----- mg cm·3 --------
Ti 
LEG 245A 0.8773 2.454 1 2.9499 3.5443 ns 
LAC 20 1 0.6493 2.4449 2.9420 3 .5398 ns 
LAC 1 57 0.9906 2.2872 2.7493 3 .3034 ns 
LAC 481 1 .6865 2. 1 027 2.525 1 3 .0296 ns 
LAW 239 2.2485 1 .6 1 60 1 .9446 2.3398 97.5% 
LAW 469 0.3537 2. 1 230 2.5532 3 .0700 ns 
LAW 39 1  0.65 1 5  1 .7387 2.0867 2.5368 ns 
VIC 409 0.6548 1 .3585 1 .6286 1 .9500 ns ------------------------- -----------------------------------------------------------
Zr LEG 245A 0.6577 0.21 93 0.2637 0.3 1 68 99% 
LAC 20 1 1 .0295 0.2527 0.304 1 0.3659 99% 
LAC 1 57 0.7039 0 . 105 1  0. 1 263 0. 1 5 1 8  99% 
LAC 48 1 0.5 1 06 0. 1 02 1  0. 1 226 0. 1471  99% 
LAW 239 0.9977 0 . 1 364 0. 1 64 1  0 . 1 974 99% 
LAW 469 1 .029 1 0.2078 0.2500 0.3005 99% 
LAW 3 9 1  0.3575 0 . 1 6 1 0  0. 1 932 0.2349 99% 
VIC 409 1 .0775 0.3098 0.3714 0 .4447 99% 
a Mean separation calculated as the absolute difference between the elemental (Ti or Zr) content of upper 
and lower units 
0 Least significant differences calculated as !
"'
one-tailed x (MSE x ( l /n1 + 1 /ni))\ where !"' one-tailed is Student's 
t normal distribution value at probability a, MSE is pooled variance, and n, is the number of data points 
c Significance is that level of probability at which mean separation is greater than lsd 
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Table A2-8. Mean separations in Ti o r  Z r  contents between late rally adja cent profi les. 
Ti - Upper Units 
Profile combination Statistical Criterion 
Mean Least significant difference (lsd) values Significance 
separation 
95% I 97.5% I 99% 
mg cm·3 
LEG 245A x LAC 20 l 1 .43 1 4  1 .6860 2.0253 2.4326 ns 
LEG 245A x LAC 1 57 0.9947 1 .3 140 1 .5788 1 .8956 ns 
LEG 245A x LAC 48 1 0.9275 1 .2739 1 .5299 1 .8355 ns 
LEG 245A x LAW 239 1 . 1 005 1 .7573 2 . 1 1 1 5 2.5352 ns 
LEG 245A x LAW 469 2.5982 1 .4 1 35 1 .6983 2.0391  99% 
LEG 245A x LAW 39 1  3 .2577 1 .4482 1 .7380 2.0837 99% 
LAC 20 1 x LAC 1 57 0.4367 1 .2000 1 .4426 1 .7327 ns 
LAC 20 l x  LAC 48 1 0.5039 1 .4591 1 .75 1 5  2. 1 0 1 8  ns 
LAC 201  x LAW 239 0.3308 0.2466 0.2968 0.3571 ns 
LAC 20 1 x LAW 469 1 . 1 668 0.92 1 1 1 . 1 082 1 .3322 97.5% 
LAC 1 57 x LAC 481  0.0672 1 . 1 5 1 1  1 .3 8 1 8  1 .658 1 ns 
LAC 1 57 x LAW 239 0. 1 058 1 .2664 1 .5224 1 .8285 ns 
LAC 1 57 x LAW 469 1 .6035 0.7980 0.9593 1 . 1 522 99% 
LAC 48 1 x LAW 239 1 .6707 1 .5477 1 .8577 2.2293 95% 
LAC 481  x LAW 469 2.3302 1 . 1 573 1 .3892 1 .6671 99% 
LAW 239 x LAW 469 1 .4977 0.9648 l . 1 608 1 .3954 99% 
LAW 469 x LAW 3 9 1  0 .6595 1 .2487 1 .4986 1 .7967 ns 
LAW 39 1  x VIC 409 1 .0844 1 .6 1 1 2  1 .9 1 9 1  2.2976 ns 
Ti - Lower Units 
LEG 245A x LAC 201 1 .2034 3 .8546 4.6560 5.6303 ns 
LEG 245A x LAC 1 57 1 . 1 079 2.7143 3 .2888 3 .9948 ns 
LEG 245A x LAC 48 1 1 .7367 3 .0286 3 .6774 4.4805 ns 
LEG 245A x LAW 239 2.471 7  2.6895 3 .2487 3 .9285 ns 
LEG 245A x LAW 469 2.5982 2.579 1  3 . 1 3 1 5 3 .8 1 54 ns 
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Ti - Lower Units 
Profile combination Statistical Criterion 
Mean Least significant difference (lsd) values Significance 
separation 
95% I 97.5% I 99% 
mg cm·3 
LEG 245A x LAW 391 3 .03 19  2.8740 3 .4897 4.25 1 8  95% 
LEG 245A x VIC 409 4.1 196 2.5999 3 . 1 569 3.8463 99% 
LAC 20 1 x LAC 1 57 0.0954 3 .7309 4.5006 5.4339 ns 
LAC 201 x LAC 48 1 0.5334 3 .0537 3.7548 4.6581  ns 
LAC 20 1 x LAW 239 1 .2683 2.8590 3 .4534 4. 1 76 1  ns 
LAC 20 1 x LAW 469 0.8712  3.8658 4.6696 5.6467 ns 
LAC 20 1 x LAW 39 1 1 .8285 5.5739 6.7329 8. 1 4 1 8  ns 
LAC 201 x VIC 409 2.9 162 4.7 1 3 1  5 .693 1 6.8844 ns 
LAC 1 57 x LAC 481 0.6288 3 .80 19  4.5924 5.5534 ns 
LAC 157 x LAW 239 1 .3638 2.3585 2.8489 3 .4450 ns 
LAC 1 57 x LAW 469 0.9666 3 . 1 397 3 .8043 4.6209 ns 
LAC 1 57 x LAW 391  1 .9239 5. 1 080 6. 1 89 1  7.5 1 77 ns 
LAC 157 x VIC 409 3 .0 1 1 6  3 .8425 4.6558 5.6552 ns 
LAC 48 1 x LAW 239 0.7350 2.8009 3 .3832 4.09 12  ns 
LAC 48 1 x LAW 469 0.3378 3.0468 3 .7463 4.6476 ns 
LAC 48 1 x LAW 391  1 .295 1  5.7044 7. 1 840 9.2274 ns 
LAC 48 1 x VIC 409 2.3828 3.7824 4.7635 6. 1 1 84 ns 
LAW 239 x LAW 469 0.3972 2.45 1 3  2.96 10  3 .5806 ns 
LAW 239 x LAW 391  0.5602 4. 1 5 1 9  5 .0 1 52 6.0647 ns 
LAW 239 x VIC 409 1 .6479 2.795 1 3 .3763 4.0828 ns 
LAW 469 x LAW 391  0.9573 5.6522 6.9 1 14  8.5037 ns 
LAW 469 x VIC 409 2.0450 2.9938 3 .68 1 1 4.5667 ns 
LAW 391 x VIC 409 1 .0877 3 .0059 4.5335 4.9392 ns 
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Zr - Upper Units 
Profile combination Statistical Criterion 
Mean Least significant difference (lsd) values Significance 
separation 
95% I 97.5% I 99% 
------ mg cm·3 ---
LEG 245A x LAC 20 l 0.0444 0.3050 0.3663 0.4400 ns 
LEG 245A x LAC 1 57 0.4548 0.2238 0.2687 0.3224 99% 
LAC 20 1 x LAC 1 57 0.4992 0.25 1 7  0.3026 0.3635 99% 
LAC 1 57 x LAC 481  0.2030 0.1 340 0. 1 608 0. 1 930 99% 
LAC 48 1 x LAW 239 0.594 1 0.2346 0.28 1 6  0.3379 99% 
LAW 239 x LAW 469 0.255 1 0 . 1 689 0.2032 0.2443 99% 
LAW 469 x LAW 391  0.8 1 3 1  0.2692 0.323 1 0.3874 99% 
LAW 39 1  x VIC 409 0.7577 0. 1 626 0 . 1 950 0.2335 99% 
Zr - Lower Units 
LEG 245A x LAC 201 0.3273 0.3050 0.3663 0.4400 95% 
LEG 245A x LAC 1 57 0.50 10  0.2238 0.2687 0.3224 99% 
LAC 20 1 x LAC 1 57 0. 1 736 0. 1 86 1  0.2245 0.271 0  ns 
LAC 20 1 x LAC 481  0. 1 833 0. 1 1 78 0 . 1449 0. 1 797 99% 
LAC 1 57 x LAC 481  0.0096 0. 1 3 1 8  0 . 1 592 0. 1 926 ns 
LAC 1 57 x LAW 239 0.0973 0. 1 6 1 0  0 . 1 944 0.235 1  ns 
LAC 1 57 x LAW 469 0.32 1 0  0.2 1 76 0.2636 0.3202 99% 
LAC 4812  x LAW 239 0. 1 069 0. 1 824 0.2204 0.2665 ns 
LAC 481  x LAW 469 0.3306 0. 1 302 0. 1 60 1  0 . 1 986 99% 
LAW 239 x LAW 469 0.2237 0.2388 0.2885 0.3489 ns 
LAW 239 x LAW 39 1  0.0822 0.2566 0.3 1 00 0.3749 ns 
LAW 239 x VIC 409 0 . 1 1 99 0.30 1 8  0.3646 0.4409 ns 
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Table A2-9. SE M sur vey re sult s. 
Rutile 
Unit Profile SEM Survey Feature 
Hydrogeochemical Features Physical Features 
Solution I Scale I Pits I Mean Conch. I Round. I Cracks I Mean 
------ ------%---
Upper 245A 1 00.0 100.0 72.7 90.9 54.5 100.0 9. 1 54.5 
201 92.3 100.0 69.2 87.2 46.2 84.6 1 5.4 48.7 
481 93.3 100.0 100.0 97.8 40.0 1 00.0 26.7 55.6 
469 76.9 92.3 76.9 82. 1  38.5 92.3 7.7 46.2 
391  9 1 .7 100.0 9 1 .7 94.4 58.3 75.0 1 6.7 50.0 
409 1 00.0 100.0 87.5 95.8 50.0 1 00.0 37.5 62.5 ·---------------- -----------------------------------------------------------------
Lower 245A 85.7 100.0 85.7 90.5 42.9 1 00.0 28.6 57. 1 
20 1 64.7 100.0 88.2 84.3 35.3 1 00.0 23.5 52.9 
481 1 00.0 1 00.0 80.0 93.3 30.0 80.0 40.0 50.0 
469 8 1 .8 1 00.0 72.7 84.8 27.3 8 1 .8 36.4 48.5 
391 1 00.0 90.0 1 00.0 96.7 80.0 60.0 1 0.0 50.0 
409 37.5 62.5 75.0 58.3 87.5 25.0 50.0 54.2 
Zircon 
Upper 245A 7. 1 14.3 85.7 35.7 92.9 42.9 50.0 6 1 .9 
20 1 1 6.7 4 1 .7 8.3 22.2 75.0 9 1 .7 4 1 .7 69.4 
481 0.0 40.0 0.0 13 .3 1 00.0 90.0 50.0 80.0 
469 0.0 4 1 .7 8.3 16.7 58.3 9 1 .7 25.0 58.3 
391  0.0 45.5 0.0 1 5.2 1 00.0 72.7 36.4 69.7 
409 7. 1 71 .4 14.3 3 1 .0 92.9 92.9 64.3 83.3 ---------------- -----------------------------------------------------------------
Lower 245A 0.0 14.3 0.0 4.8 85.7 7 1 .4 14.3 57. 1 
20 1 0.0 25.0 12.5 12.5 75.0 62.5 62.5 66.7 
481 6.7 53.3 6.7 22.2 80.0 80.0 46.7 68.9 
469 7. 1 64.3 0.0 23.8 64.3 92.9 2 1 .4 59.5 
23 1 
Zircon 
Unit Profile SEM Sw-vey Feature 
Hydrogeochemical Features Physical Features 
Solution I Scale I Pits I Mean Conch. I Round. I Cracks · I Mean 
o/c 
39 1  0.0 40.0 0.0 1 3 .3 90.0 90.0 40.0 73.3 
409 0.0 45.5 45.5 30.3 90.9 63.6 45.5 66.7 
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Table A2-10. Mean separations between zircon and rutile SEM features in upper and 
lower units. 
Mineral Profile Statistical Criterion 
Hydrogeochemical0 Physical 
mean separation I significanceb mean separation I significance 
% % 
Rutile 
LEG 245A 0.4 ns 2.6 ns 
LAC 20 1 2.9 ns 4.2 ns 
LAC 48 1 4.4 ns 4.6 95% 
LAW 469 2.8 ns 2.3 ns 
LAW 39 1  2.2 ns 0.0 ns 
VIC 409 37.5 99% 8.3 99% -------------------------- -----------------------------------------------------------
Zircon LEG 245A 30.9 99% 4.8 ns 
LAC 20 1 9.7 99% 2.8 ns 
LAC 481 8.9 97.5% 1 1 . 1  99% 
LAW 469 7. 1 95% 1 .2 ns 
LAW 391  1 .8 ns 3 .6 ns 
VIC 409 0.6 ns 1 6.7 99% 
a Categories described in Table 2-3 
b Least significant differences calculated as la. two-tailed x (MSE x ( 1 /n)t', where la. two-tailed is Student's 
1 normal distribution value at probability o:, MSE is pooled variance, and n is the nwnber of data 
points. Significance levels for rutile: 95% ms ::::4.6, 97.5% ms :::: 6.2, and 99% ms :::: 6.8;  for zircon: 
95% ms :::: 6.4, 97.5% ms :::: 8.5, and 99% ms ::::9.2. 
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Table A2-l l .  Mean separations between zircon and rutile SEM features in upper units of 
adjacent pedons. 
Rutile 
Profile combination Statistical Criterion 
Hydrogeochemicaia Physical 
mean separation I significanceh mean separation I significance 
% 
LEG 245A vs LAC 20 I 3 .7 
LEG 245A vs LAC 48 1 6.9 
LAC 20 1 vs LAC 48 1 1 0.6 
LAC 48 1 vs LAW 469 1 5.7 
LAW 469 vs LAW 39 1  
LAW 469 vs VIC 409 12.4 
LAW 39 1  vs VIC 409 1 3 .8 
LEG 245A vs LAC 20 1 1 3 .5 
LAC 20 1 vs LAC 48 1 8.9 
LAC 48 1 vs LAW 469 3 .3 
LAC 48 1 vs LAW 39 1  1 .8 
LAC 48 1 vs VIC 409 1 7.6 
LAW 469 vs LAW 39 1  1 1 .82 
LAW 39 1  vs VIC 409 38.33 
























2 1 .7 
1 1 .4 
1 3 .6 
h Significance levels for rutile: 95% ms � 5.2, 97.5% ms � 6.2, and 99% ms � 7.5; for zircon: 













Table A2-12. Mean strain values for all �rofiles. 
Microlows Microhighs 
Depth interval 
I I I I ETi Ezr Ezr:ETi ETi Ezr Ezr:ETi 
cm 
1 0  -0.0499 -0.6823 1 3 .67 -0.04 1 3  -0.5976 14.47 
20 -0. 1 1 1 1  -0.6644 5 .98 -0.0776 -0.5595 7 .2 1  
30 -0. l 027 -0.6804 6.63 -0.0743 -0.6005 8 .08 
40 -0. 1 1 66 -0.6704 5 .75 -0.0942 -0.5790 6. 1 5  
50 -0. 1 1 1 5 -0.657 1  5 .89 -0.0525 -0.4634 8 .83 
60 -0. 1 365 -0.6706 4.9 1 -0.0750 -0.5249 7.00 
70 -0. 1 1 07 -0.6698 6.05 -0.0342 -0.4596 1 3 .44 
80 -0 . 1 1 82 -0.6672 5 .64 -0.0772 -0.5 1 2 1  6.63 
90 -0. 1 353 -0.6624 4.90 -0.0506 -0.3372 6.66 
1 00 -0. 1 395 -0.6645 4.76 -0.0 1 55 -0.2740 1 7.68 
1 1 0 -0. 1 327 -0.6382 4.8 1 -0.0 1 56 -0. 1 709 1 0.96 
1 20 -0. 1 477 -0.63 1 7  4.28 -0.0495 -0.3252 6.57 
1 30 -0. 1 3 8 1  -0.6263 4.54 -0.0244 -0.2759 1 1 .3 1 
1 40 -0. 1 287 -0.59 1 3  4.59 -0.0377 -0.29 1 7  7 .74 
1 50 -0. 1 3 86 -0.6286 4.54 -0.0323 -0.29 1 6  9.03 
1 60 -0. 1 087 -0.5887 5.42 -0.0775 -0.3936 5 .08 
1 70 -0.0838 -0.3966 4.73 -0.0553 -0.3698 6.69 
1 80 -0.0576 -0. 1 6 1 7  2.8 1  -0.0344 -0.2843 8 .26 
190 -0.0307 -0.041 7  1 .36 0.0206 -0. 1 1 2 1  -5.44 
200 -0.0423 -0.033 8  0.80 0.0 1 07 -0. 1 203 -1 1 .24 
2 10  0.0099 0.08 1 6  8.24 0.0238 0.2335 9.8 1 
220 -0.0095 -0.23 1 3  24.35 0.0763 0. 1 459 1 .9 1  
230 0.05 1 3  0.2036 3.97 0. 1 1 1 9 0.4630 4 . 1 4  
240 0.0293 0.0306 1 .04 0.0798 -0.0878 - 1 . 1 0  
250 -0.0 1 52 -0.3056 20. 1 1 0. 1 838 0.3908 2 . 1 3  
260 -0.0060 -0.3443 57.38 0.0936 0.4739 5.06 
270 0.0378 -0.2723 -7.20 0. 1 164 0.3375 2.90 
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Appendix 3: Data and Statistical Tables for Chapter 3. 
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Table A3-1 . Whole soil XRF data, uncorrected element oxide dataa. 
LEG 245A microhigh 
Element 
Depth Al2O3 I CaO I FeiO3 I K2O I MgO I MnO I P20s I Rb I SiO2 I Sr 
cm ----------wt '¾ 
1 0  1 2.3 1 1 .40 3.62 0.77 0.85 0.041 0.06 0.009 72.77 0.0 10  
20 1 2.65 1 .39 3 .62 0.77 0.95 0.035 0.04 0.008 73.73 0.0 1 3  
30 1 2.37 1 .52 4.06 0.76 0.98 0.055 0.03 0.009 75.4 1 0.008 
40 1 2.03 3.56 4.65 0.78 1 .08 0. 1 53 0.05 0.008 7 1 .89 0.008 
50 1 1 . 7 1  3.50 4.76 0.73 1 .03 0. 1 55  0.04 0.007 72.62 0.008 
60 I 1 .30 4.25 4.69 0.75 1 .06 0. 1 72 0.04 0.007 7 1 .27 0.008 
70 I 1 .36 4.82 4.07 0.73 1 . 1 4  0.042 0.06 0.008 72.91  0.008 
80 1 2.86 1 .55 4.28 0.74 1 . 1 1 0.070 0.03 0.008 74.50 0.009 
90 1 2.92 1 .32 4.69 0.76 1 .07 0. 1 08 0.03 0.009 74.92 0.009 
1 00 1 2.35 1 .3 1  4.57 0.7 1 0.78 0.081 <dlb 0.008 75.23 0.008 
1 1 0 1 1 .88 4.72 4.30 0.73 1 . 1 8  0.067 0.07 0.008 7 1 .20 0.008 
1 20 1 2.76 1 .30 6.61 0.70 0.97 0.359 <di 0.008 70.66 0.008 
1 30 12.32 2. 1 2  4.48 0.73 1 .05 0.095 0.02 0.008 74.6 1 0.009 
1 40 1 2.59 1 . 1 8  4.72 0.72 1 .0 1  0.087 <di 0.009 75.00 0.008 
1 50 1 2.80 1 .20 4. 1 3  0.77 1 .03 0.461 <di 0.009 75.27 0.009 
1 60 1 3 .03 1 .52 5.92 0.79 1 . 1 3  0. 1 54 0.0 1 0.009 73.77 0.009 
1 70 1 2.98 1 .82 4.57 0.76 1 .24 0.092 0.02 0.008 75.79 0.009 
1 80 9.28 9.80 4.24 0.73 1 . 1 4  0. 1 29 0.06 0.006 68.92 0.008 
1 90 I 1 .05 4.70 3.72 0.76 1 .05 0.043 0.03 0.007 74.04 0.0 10  
200 1 1 . 1 4  5.42 3.63 0.79 1 .07 0.049 0.03 0.007 72. 1 I 0.009 
2 1 0  8.87 1 2.68 3 .53 0.84 1 .34 0.067 0.07 0.006 65.92 0.0 10  
220 9.01 14.2 1 4. 1 8  1 .05 1 .52 0.074 0.09 0.006 6 1 .66 0.0 1 I 
230 1 0.70 1 1 .65 4.92 1 .36 1 .70 0.088 0.09 0.008 6 1 . 1 2  0.0 1 2  
240 1 3 .88 4.53 5 . 1 4  1 .60 1 .65 0.092 0.07 0.0 10  67.48 0.0 12  
250 1 4.0 1 4.00 4.84 1 .7 1  1 .59 0. 1 0 1  0.08 0.0 10  68.59 0.0 1 2  
260 1 2.84 6.91 5 . 14  1 .59 1 .6 1  0. 1 13 0.08 0.0 1 0  63.74 0.0 1 2  
270 1 2.47 8.93 6.06 1 .77 1 .89 0. 107 0. 1 2  0.0 10  60.30 0.0 14 
. LEG 245A microlow 
1 0  I 1 .37 1 . 1 9  3.26 0.69 0.68 0.039 0.0 1 0.008 76.94 0.0 1 0  
20 I 1 .67 1 .35 3 . 1 3  0.72 0.70 0.034 0.04 0.008 72. 1 2  0.022 
30 1 1 .84 1 .35 3.21 0.72 0.76 0.033 0.0 1 0.008 76. 1 5  0.0 1 0  
40 1 2.66 1 .35 3.47 0.74 0.87 0.039 0.02 0.009 75.23 0.098 
50 1 2.89 1 .4 1  3 .60 0.74 0.89 0.041 0.0 1 0.009 74.30 0.0 10  
60 1 3 .47 1 .48 3.89 0.77 0.93 0.037 <di 0.009 72.88 0.0 10  
70 1 3.22 1 .41  3.80 0.76 0.90 0.033 <di 0.009 73.73 0.009 
80 1 3.27 1 .46 3.73 0.77 0.91 0.038 <di 0.009 74. 1 2  0.0 10  
90 1 2.60 1 .33 3.68 0.77 0.89 0.048 <di 0.009 77. 1 1 0.0 1 0  
100 NA° 
" accounted to ± 2% of the amount present for major elements, ± 5% for minor elements, and ± 10% for trace elements 
b value below instrument detection limit 
c analysis data not available 
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LEG 245A microlow 
Element 
Depth Alp, I Cao I Fez03 I K2O I MgO I MnO I P2Os I Rb I SiO2 I Sr 
cm Wt%------
1 1 0 1 2.67 1 .3 I 3.65 0.76 0.86 0.035 <di 0.009 77.62 0.009 
120 1 2.90 1 .28 4.02 0.77 0.96 0.044 <di 0.009 76.91 0.009 
130 12.98 1 .4 1  4. 12  0.78 I .O J  0.05 1 <di 0.009 77.3 1 0.009 
140 13 .20 1 .3 1  4.2 1 0.8 1 1 .0 1  0.06 1 <di 0.009 76.86 0.009 
1 50 1 2.97 1 .72 4.47 0.80 0.96 0.096 <di 0.009 75.41 0.0 1 0  
160 1 3.20 1 .39 4.96 0.78 1 .05 0 . 168 <di 0.009 74.81 0.0 1 0  
1 70 1 3.54 1 .44 4.65 0.84 1 .06 0 . 1 1 8  <di 0.009 74.95 0.0 1 0  
1 80 1 3.2 1 1 .35 4.54 0.84 J . 1 4  0.092 <di 0.009 76.45 0.0 1 0  
190 1 2.02 4.4 1 4.36 0.84 l . 1 9  0.060 0.03 0.008 73.69 0.009 
200 8.67 14.87 4.28 0.92 1 .57 0. 1 35  0.09 0.006 62.24 0.0 1 0  
2 1 0  9.98 1 0.94 4.08 0.99 1 .4 1  0.059 0.07 0.007 67.03 0.0 1 0  
220 1 0.3 1 9.0 1 4.2 1 0.90 1 .20 0.076 0.06 0.007 69.69 0.0 1 0  
230 5.49 23.84 3 . 13  0.80 1 .48 0.030 0.05 0.004 55.23 0.007 
240 9.88 1 2.77 4.42 1 . 1 4  1 .62 0.047 0.09 0.007 63.76 0.0 1 1 
250 1 0.50 1 0.75 4.73 1 . 1 7  1 .54 0. 1 08 0.08 0.008 66.00 0.01 0  
260 13 .34 2.84 4.66 1 .26 1 .25 0.069 0.03 0.0 1 0  72.30 0.0 1 0  
270 1 7.47 1 .42 5.36 2.01 1 .7 1  0. 140 0.05 0.0 1 3  70.26 0.0 1 3  
280 1 7.5 1 1 .46 6.52 2.00 1 .86 0.261 0.07 0.0 1 3  68.73 0.0 1 3  
LAC 20lmicrohigh 
JO  1 1 .95 0.98 4. 1 0  I .  1 9  1 .39 0. 1 04 0.04 0.0 10  75.49 0.007 
20 13 .22 1 .02 4.38 1 .25 1 .54 0. 1 06 0.03 0.0 1 1 73 .41 0.008 
30 12 .67 2.38 4.46 1 .24 1 .54 0. 1 12 0.05 0.0 1 0  72.54 0.008 
40 12 . 16  4.20 3.92 1 .26 1 .70 0.059 0.06 0.009 70.81 0.008 
50 1 1 .54 4.74 4.53 1 .23 1 .7 1  0. 1 68 0.05 0.009 70.65 0.009 
60 1 0.98 5.90 3.94 1 .25 1 .79 0. 1 04 0.06 0.009 7 1 .2 1  0.009 
70 1 0.00 9.32 3.46 1 .25 1 .89 0.043 0.08 0.008 66.60 0.009 
80 9.23 1 2.63 3.40 1 .29 2.09 0.038 0.09 0.007 6 1 .03 0.0 1 0  
90 1 1 .35 4. 1 3  3.63 1 . 1 6  1 .60 0.050 0.06 0.009 74.26 0.009 
1 00 1 1 .87 3.96 3.93 1 .22 1 .67 0.077 0.05 0.009 7 1 .4 1  0.009 
127 1 1 . 1 7  4.06 3.57 1 . 14  1 .57 0.049 0.06 0.009 73.07 0.009 
163 6.98 1 7.05 2.97 1 .07 1 .86 0.047 0.05 0.006 61 .85 0.0 1 3  
190 9.48 1 3.64 4.27 1 .77 2.58 0.046 0.08 0.008 57.83 0.0 1 2  
2 1 9  1 1 .35 1 0.97 4.84 2. 1 8  3 . 1  I 0.057 0. 1 0  0.0 1 0  58.01 0.0 1 3  
253 1 1 .37 1 1 .89 5.06 2.28 3.4 1  0.06 1 0. 1 0  0.0 1 0  56.06 0.0 1 4  
LAC 201microlow 
1 0  9.97 0.55 2.94 0.98 0.68 0.055 0.0 1 0.009 77.39 0.008 
20 9.80 0.44 3.00 0.94 0.84 0.066 0.03 0.008 80. 14  0.007 
30 9. 13 0.4 1 2.63 0.86 0.60 0.066 0.0 1 0.008 8 1 .80 0.007 
40 1 0.97 0.54 3.29 0.94 0.95 0.085 0.03 0.008 77.97 0.008 
60 1 1 .24 0.55 3.22 1 .02 0.98 0.049 <di 0.009 77.0 1 0.008 
70 1 0. 1 6  0.5 1  3.24 0.95 0.75 0.060 <di 0.009 80.04 0.008 
2 38 
LAC 201 microlow 
Element 
Depth Al2O3 I CaO I Fei03 I K2O I MgO I MnO I PzOs I Rb I SiO2 I Sr 
cm Wto/c -
80 1 1 .3 1 0.48 3 .64 1 .00 1 .04 0.045 0.0 1 0.009 77.55 0.007 
90 1 0.72 0.5 1 4.08 1 .00 0.84 0. 1 07 <di 0.009 77.64 0.008 
1 00 1 2.8 1  0.60 3.94 1 . 1 4  1 .30 0.062 0.02 0.0 1 1 73.8 1 0.008 
1 1 0 1 3 .87 0.64 4.39 1 .22 1 .60 0.056 0.03 0.0 1 1 72.62 0.009 
1 20 14.4 1 0.68 5 . 1 6  1 .29 1 .64 0. 1 64 0.03 0.0 1 1 70.53 0.009 
130  1 3 .92 0.63 4.85 1 .25 1 .65 0. 1 58 0.0 1 0.0 1 1 72.00 0.009 
140 1 2.97 0.63 4.5 1 1 .28 1 .23 0. 1 08 <di 0.0 12  74.26 0.009 
1 50 1 2.8 1  0.56 3.99 1 .24 1 .52 0.071 0.0 1 0.0 1 1 75.58 0.009 
1 60 1 0.9 1 6.62 3.70 1 .30 1 .79 0.076 0.06 0.009 69.96 0.0 1 0  
1 70 1 2.62 1 .06 3.81 1 .34 1 .60 0.058 <di 0.0 1 0  78.90 0.009 
1 80 1 4.9 1  6.75 5 .92 2.33 3.43 0. 1 06 0.23 0.0 1 2  62.71  0.01 2  
1 95 1 5.88 4.38 5.88 2.27 3 . 14  0.098 0.09 0.0 1 3  64.56 0.0 1 1 
227 1 3.73 7.01 5 . 1 2  2.36 3 .22 0.068 0. 1 1  0.0 1 1 62.8 1 0.0 1 2  
252 1 2.71  6.7 1 4.60 2.0 1 2.90 0.068 0.09 0.0 1 0  66.99 0.0 1 2  
270 14. 1 1  6.36 5.02 2.53 3.81 0.055 0. 12 0.0 1 1 65.02 0.0 1 3  
300 1 1 .34 1 1 .63 4.99 2.29 3.73 0.068 0 . 14 0.009 55.74 0.0 1 5  
LAC 1 5 7  microhigh 
1 0  1 2. 1 1  1 .52 4.47 1 .38 1 . 1 8  0.066 0.03 0.0 12  66.37 0.009 
20 1 2.45 1 .66 4.5 1 1 .37 1 .3 1  0.077 0.02 0.0 12  68.39 0.009 
30 12 . 1 3  1 .50 4.6 1 1 .30 1 . 1 9  0. 1 1 4 0.02 0.0 12  68. 1 0  0.009 
40 1 2.26 1 .54 4.47 1 .28 1 .26· 0.080 0.02 0.0 1 1 67.99 0.009 
50 1 1 .73 1 .75 4.44 1 .2 1  1 . 1 9  0.098 0.0 1 0.01 I 69.49 0.0 1 0  
60 1 1 .58  1 .96 4.35 1 . 1 8  1 . 1 6  0.082 0.0 1 0.0 10  69.66 0.0 1 0  
70 1 1 .9 1  1 .57 4.66 1 . 1 7  1 .25 0. 1 3 1  <di 0.0 10  69.72 0.0 1 0  
80 1 1 .93 1 .54 4.75 1 . 1 7  1 .26 0. 1 2 1  <di 0.0 10  69. 1 1  0.01 0  
90 1 1 .77 3.35 4.62 1 .22 1 .37 0. 100 0.03 0.0 10  66.25 0.0 1 1 
1 00 1 0.43 7.65 4.56 1 .23 1 .63 0. 1 1 0 0.06 0.009 63.26 0.0 1 2  
1 1 0 1 0.27 7.70 4.67 1 .22 1 .63 0. 1 6 1  0.05 0.009 62.95 0.0 1 3  
1 20 1 0.83 6.2 1 4.3 1 1 .27 1 .65 0.08 1 0.04 0.0 10  65.95 0.0 1 2  
1 30 9.98 7.86 4.07 1 .22 1 .66 0.061 0.05 0.009 65.52 0.0 1 4  
140 1 0.43 6.65 4.21 1 .23 1 .7 1  0.08 1 0.05 0.009 66.67 0.0 1 4  
1 50 1 1 .92 3 . 12  4.6 1 1 .33 1 .62 0. 1 00 0.03 0.0 1 I 68.98 0.0 1 3  
1 60 1 1 .20 5.47 4.4 1 1 .40 1 .8 1  0.055 0.05 0.0 10  66.30 0.01 4  
1 70 1 0.37 9.4 1 4.49 1 .52 2.00 0.048 0.08 0.009 56.67 0.01 4  
1 80 8.6 1 1 6.25 4.5 1 1 .64 2.77 0.041 0. 1 0  0.008 49.52 0.0 1 7  
1 90 9.67 1 3.58 4.81 1 .73 2.6 1 0.046 0. 1 I 0.009 50.5 1 0.0 1 5  
200 1 0.00 1 3. 8 1  5 . 1 8  1 .96 2.96 0.055 0. 1 3  0.0 1 0  46.30 0.0 1 6  
2 1 0  1 1 .47 1 1 .75 5.94 2.20 3 . 1 2  0.050 0. 1 4  0.01 I 47.38 0.0 1 7  
LAC 1 57 microlow 
1 0  1 1 .57 1 .40 4.42 1 .26 0.97 0. 1 03 0.03 0.008 64.98 0.0 1 0  
20 1 2.3 1 1 .46 4.77 1 .2 1  1 . 12 0. 1 27 <di 0.008 65. 1 9  0.022 
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LAC 157 microlow 
Element 
Depth Al2O3 I CaO I Fe2O3 I KP I MgO I MnO I P2Os I Rb I SiO2 I Sr 
cm Wt%------
30 12.43 1 .46 4.63 1 .2 1  1 . 1 2  0.063 <di 0.008 66.59 0.0 10 
40 12.28 1 .45 4.96 1 .20 1 . 1 3  0 . 145 0.0 1 0.009 65.28 0.0 10  
50  12.25 1 .42 4.62 1 . 1 9  1 .09 0.065 <di 0.009 65.92 0.0 10  
60 1 1 .97 1 .36 4.64 1 .20 1 .09 0.096 <di 0.01 1 67.82 0.0 10 
70 12. 1 5  1 .34 4.39 1 .23 1 . 1 1 0.046 <di 0.0 1 1 66.96 0.0 10  
80 1 1 .94 1 .32 4.38 1 . 1 9  1 .08 0.050 <di 0.01 1 67.58 0.010 
90 12.33 1 .3 1  4.5 1 1 .25 1 .2 1  0.063 0.01 0.0 12  66.82 0.01 1 
1 00 12.83 1 .83 4.79 1 .33 1 .59 0 . 102 0.02 0.0 12  68.57 0.01 1 
1 10 13 .3 1  1 .33 4.95 1 .38 1 .59 0 . 109 <di 0.0 1 2  69. 1 8  0.0 12  
1 20 13 .64 1 .32 4.84 1 .42 1 .78 0.070 0.0 1 0.0 12  69.94 0.0 12  
1 30  1 2.86 1 .49 4.91 1 .3 1  1 .57 0. 1 3 1  0.0 1 0.0 12  69.09 0.0 1 2  
1 40 12. 1 2  2.75 4.4 1 1 .25 1 .48 0.071 0.02 0.0 1 1 68.80 0.01 1 
1 50 1 1 .53 4.44 4.87 1 .30 1 .66 0 . 143 0.03 0.01 I 68.26 0.0 12  
1 60 10.33 7.54 4.38 1 .23 1 .79 0. 1 06 0.05 0.009 67.30 0.0 13  
1 70 1 1 .03 6.08 4.53 1 .28 1 .78 0.099 0.05 0.0 10  66.52 0.0 13  
1 80 9.60 1 1 .27 4.46 1 .36 2. 1 8  0.096 0.08 0.008 6 1 .06 0.0 15  
1 90 1 1 .66 9.23 5.05 1 .79 2.58 0.048 0.09 0.0 1 1 58.97 0.0 15  
200 9.41 1 5.37 5.1 1 1 .89 3 .09 0.082 0. 1 0  0.009 50.90 0.0 16  
2 1 0  10.92 12.79 5.50 2.05 3 .2 1  0.064 0. 1 2  0.0 10  53.25 0.0 1 7  
220 1 2.40 10.87 6.7 1  2.30 3 .43 0. 1 54 0. 14  0.0 1 I 5 1 .28 0.020 
230 1 1 .89 1 1 .61  6.20 2.32 3.32 0.064 0. 1 3  0.01 1 50.55 0.0 16  
240 10.20 14.28 6.44 2 . 14  3 .37 0. 1 IO 0. 1 3  0.0 10  48.00 0.0 1 7  
250 NA 
260 1 1 .93 10.73 5.64 2.20 3 . 1 4  0.050 0. 1 2  0.01 I 55. 1 5  0.0 1 7  
270 NA 
280 10.89 13 .20 5.87 2.25 3.35 0.080 0. 1 2  0.0 10  50.96 0.0 1 7  
LAC 48 1  microhigh 
1 0  14.61 2.82 5.52 1 .58 1 .74 0. 134 0.03 0.0 1 3  65.60 0.009 
20 1 5.04 2. 1 7  5.81 1 .52 1 .64 0. 124 0.02 0.0 14  65.67 0.009 
30 1 5.40 1 .58 5.90 1 .5 1  1 .64 0. 130 <di 0.0 14  65.86 0.0 10  
40 15 .49 1 .56 5.86 1 .53 1 .70 0. 1 30 <di 0.0 1 4  66.26 0.0 10  
50 1 5.59 1 .50 5.67 1 .53 1 .74 0. 125 <di 0.0 1 4  66.05 0.0 10  
60 1 5.58 1 .40 5.70 1 .52 1 .75 0. 1 35 <di 0.0 14 64.61 0.010 
70 14.60 3.36 5.53 1 .53 1 .84 0. 1 1 1  <di 0.0 1 3  64.75 0.0 10  
80 1 1 .59 10.40 5.37 1 .60 2.28 0.088 0.07 0.0 12  56.28 0.0 12  
90 NA 
100 8.38 1 7.88 4.68 1 .55 2.72 0.054 0.07 0.009 49.94 0.0 1 1 
1 1 0 9.65 1 5.39 5 . 1 5  1 .64 2.82 0.070 0.09 0.0 10  53 .33 0.0 12  
1 20 10.98 1 1 .49 5 . 14 1 .49 2.23 0.090 0.08 0.0 1 1 54.82 0.0 12  
1 30 9. 16  1 5.7 1  4.75 1 .46 2.52 0.054 0.08 0.009 52.86 0.0 13  
1 40 10.95 1 1 .90 5.26 1 .57 2.45 0.075 0.07 0.01 I 58.60 0.0 1 3  
240 
LAC 48 1 microhigh 
Element 
Depth AI2O3 I CaO I FezO3 I K2O I MgO I MnO I P20s I Rb I SiO2 I Sr 
cm Wt%-
1 50 7.22 20.71 4. 1 9  1 .37 2.75 0.036 0.06 0.007 49.01 0.0 1 2  
1 60 12.98 8.45 5.72 1 .76 2.5 1 0.079 0.08 0.01 2  57.28 0.0 1 2  
1 70 1 2.4 1 9.37 5.47 1 .7 1  2.49 0.062 0.08 0.01 2  55.91 0.0 12  
1 80 1 3 .32 8.28 5 .76 1 .84 2.61 0. 1 02 0.06 0.0 1 2  59. 1 7  0.0 12  
1 90 1 0.99 1 2.05 5 . 1 7  1 .91  2.84 0.060 0. 10  0.0 10  52.00 0.0 1 3  
200 9.8 1 14.58 4.96 2.04 3 . 16  0.056 0. 1 1  0.009 5 1 . 1 3  0.0 16  
2 10  1 0.35 1 3.54 5.29 2.09 3.24 0.059 0. 1 1  0.009 53.32 0.0 1 8  
220 1 0.25 1 3.58 4.99 2.08 3.20 0.048 0. 1 2  0.009 50.83 0.0 1 7  
230 1 0.88 1 2. 1 7  5.00 2. 14 3.03 0.049 0. 1 1  0.0 10  49.00 0.0 1 5  
430 10.23 12.98 5 .00 2.24 3 .07 0.053 0. 1 2  0.009 52.36 0.0 1 6  
LAC 4 8 1  microlow 
1 0  14.25 1 .53 5 .27 1 .48 1 .44 0. 133  0.03 0.0 1 3  67.43 0.008 
20 14.58 1 .56 5.43 1 .47 1 .59 0. 140 0.03 0.0 1 3  67.95 0.008 
30 14.72 1 .49 5.55 1 .41  1 .52 0. 127 <di 0.0 1 3  68.68 0.008 
40 14.29 1 .4 1  5.29 1 .4 1  1 .37 0. 1 04 <di 0.0 1 3  69.46 0.009 
50 14.5 1 1 .39 5.42 1 .39 1 .48 0. 1 1 4 <di 0.0 12  69.24 0.009 
60 13 .9 1  1 .4 1  5 .33 1 .36 1 .43 0. 1 60 <di 0.01 2  70.42 0.009 
70 14.45 1 .28 5.25 1 .38  1 .46 0. 1 09 <di 0.0 12  69.55 0.009 
80 1 3 .96 1 .3 I 5.50 1 .36 1 .46 0.208 <di 0.0 1 2  69.99 0.009 
90 1 5.76 1 .3 1  5.98 1 .47 1 .69 0. 1 45 <di 0.0 1 4  67.9 1 0.009 
1 00 1 3 . 1 0  l . 19 5.40 1 .38  1 .44 0. 1 64 <di 0.0 1 2  7 1 . l 0  0.009 
1 10 1 6.22 1 .3 1  5.85 1 .56 1 .85 0. 1 08 <di 0.0 1 4  69.09 0.0 1 0  
1 20 1 5.71  1 .25 5.65 1 .57 1 .78 0. 1 0 1  <di 0.0 14  70.06 0.0 1 0  
1 30 1 5 .62 1 .20 5.76 1 .6 1  1 .88 0 . 135  <di 0.0 14  70. 1 8  0.0 1 0  
1 40 1 5.42 1 . 1 9  5.61 1 .63 1 .87 0. 1 22 <di 0.0 14  70.79 0.0 1 0  
1 50 1 5.00 1 .62 5.39 1 .63 1 .89 0.096 <di 0.0 14  7 1 .70 0.0 1 0  
1 60 1 5.32 1 .53 5.55 1 .67 1 .93 0. 1 1 4 <di 0.0 14  70.87 0.0 10  
1 70 1 5.40 1 .42 5.62 1 .67 2.02 0. 1 34 <di 0.0 1 4  69.99 0.0 10  
1 80 1 5.54 1 .74 5.49 1 .7 1  2.04 0.093 0.01 0.0 14  69.44 0.0 1 I 
1 90 1 5.46 2.47 5.59 1 .74 2. 1 3  0.1 1 3  0.03 0.0 14  67.73 0.0 1 0  
200 14.78 4.56 5.70 1 .87 2.5 1 0 . 144 0.06 0.01 3  65.8 1 0.0 1 1 
2 1 0  1 1 .66 1 1 .75 5.32 2. 1 8  3.36 0.073 0. 1 1  0.0 10  56.05 0.0 1 3  
220 1 1 .24 1 2.34 4.90 2.25 3.37 0.067 0. 1 1  0.009 55.05 0.01 4  
230 1 0.80 1 3 .09 5.41 2.20 3.35 0.097 0. 1 0  0.009 53.74 0.0 14  
240 1 2.40 1 0.67 5.69 2.38 3.46 0.099 0. 1 1  0.0 10  55.50 0.0 14  
250 1 1 .38  1 2.01 5.20 2.26 3.41 0.078 0. 1 1  0.0 1 0  54.84 0.0 14  
LAW 239 microhigh 
1 0  1 0.73 3 .48 3.78 l . 1 7  1 .28 0. 1 1 0 0.03 0.009 74.93 0.008 
20 7.96 1 4.60 3.43 I . I I 1 .9 1  0.056 0.06 0.007 66.09 0.0 14  
30 NA 
40 1 1 .37 5.04 4.03 1 .24 1 .6 1  0.082 0.03 0.0 10  74.02 0.0 1 1 
241 
LAW 239 microhigh 
Element 
Depth Al2O3 I Cao I FeiO3 I KP I MgO I MnO I P2Os I Rb I SiO2 I Sr 
cm Wt%-
50 7.06 19.30 3.32 I . 1 7  2.27 0.034 0.05 0.006 59.38 0.0 1 3  
60 8.98 12.65 3.83 1 .24 1 .84 0.071 0.06 0.008 65.97 0. 129 
70 7.42 1 7.81 3.54 I . 1 9  2. 1 7  0.053 0.07 0.007 60.23 0.0 14 
80 8.54 14.59 3 .65 1 .24 2.04 0.05 1 0.06 0.007 64.54 0.0 1 3  
90 5.62 24.69 3.3 1  1 . 1 7  2.61 0.038 0.04 0.005 49.73 0.0 1 5  
1 00 5 .94 23.58 3.44 1 .22 2.57 0.036 0.04 0.005 50.96 0.0 16  
I 10  4.89 27.62 3.02 1 .08 2.83 0.036 0.0 1 0.004 46.0 1 0.01 7  
1 20 5.77 23.87 3 . 1 7  1 .  13  2.54 0.038 0.04 0.005 5 1 .96 0.0 16  
130  5 .40 25.38 3.03 I . I O  2.64 0.037 0.03 0.005 49.77 0.0 1 7  
1 40 4.96 27.25 2.9 1 1 .09 2.86 0.03 1 0.02 0.004 46.49 0.0 1 9  
1 50 5.40 25.52 2.95 I . 1 2  2.76 0.030 0.03 0.005 49.57 0.0 19  
1 60 7.47 1 8.45 3.54 1 .28 2.50 0.045 0.06 0.006 58.97 0.0 19  
1 70 7.74 1 7.53 3 .66 1 .30 2.44 0.052 0.07 0.007 60. 1 9  0.0 1 9  
1 80 1 0.33 1 1 .45 4.24 1 .54 2.37 0.059 0.07 0.009 64.48 0.0 16  
1 90 6.30 22.82 3 .56 1 .39 2.96 0.041 0.05 0.006 50.85 0.0 17  
200 9.98 1 2.71 4.28 1 .67 2.48 0.056 0.08 0.009 6 1 .7 1  0.0 1 6  
2 1 0  4.96 27.25 3 . 1 3  1 .29 3 .25 0.040 0.02 0.004 43.70 0.0 1 8  
220 5 .56 24.50 2.76 1 .43 3 . 1 0  0.032 0.04 0.004 47.83 0.0 17  
230 4.89 26.88 2.90 1 .32 3.21 0.033 0.02 0.004 43.93 0.0 16  
240 7.06 1 9.44 3.57 1 .48 2.74 0.043 0.07 0.006 56.76 0.0 1 5  
250 5.41 24.22 2.60 1 .40 2.88 0.029 0.04 0.004 50.08 0.0 1 5  
260 5.61 23.76 3.70 1 .45 2.9 1 0.044 0.05 0.005 48.2 1 0.0 14  
270 6. 1 7  20.96 2.61 1 .5 1  2.67 0.032 0.06 0.005 55.65 0.0 1 5  
LAW 239 microlow 
I O  1 1 .70 1 .2 1  4 . 19 1 . 1 3  1 . 1 9  0. 1 54 <di 0.0 1 0  74.43 0.009 
20 1 2.53 1 .3 1  4.48 1 . 1 4  1 .39 0. 1 67 <di 0.0 1 0  73.80 0.0 10  
30 1 2.40 1 .29 4.26 I . 1 3  1 .34 0. 1 1 7 <di 0.0 1 0  74.42 0.0 10  
40 1 2.3 I 1 .29 4.24 l . 1 4  1 .34 0. 1 26 <di 0.0 10  74.45 0.0 10  
50 1 2.24 1 .29 4.20 1 . 1 4  1 .37 0 . 1 1 2  <di 0.0 10  74.66 0.0 1 I 
60 1 2.32 1 .30 4.44 1 . 1 3  1 .40 0. 1 5 1  <di 0.0 1 0  73.94 0.01 I 
70 1 2.37 1 .26 4.37 I. 1 3  1 .46 0. 1 39  <di 0.0 1 0  74.04 0.0 1 1 
80 1 2.57 1 .24 4.52 I . 1 2  1 .54 0. 1 67 <di 0.0 1 0  73.38 0.0 1 1 
90 1 2.5 1 1 .24 4.74 I . 1 5  1 .57 0. 1 99 <di 0.0 1 0  73.8 1 0.0 12  
1 00 1 2.44 1 . 1 8  4.26 I . 1 5  1 .53 0. 1 22 <di 0.0 1 0  73.85 0.0 12  
I I O  1 2.42 1 . 1 5  4. 1 1  1 . 1 8  1 .5 1  0. 1 02 <di 0.01 1 74.76 0.0 1 3  
1 20 12 .04 1 .60 4.23 1 . 1 6  1 .55 0. 1 3 1  <di 0.0 10  75.29 0.0 1 3  
1 30 1 2.34 1 .08 4. 1 8  1 . 1 9  1 .60 0. 1 1 4 <di 0.0 1 0  74.90 0.0 14  
140 1 1 .9 1 2.20 4. 1 6  1 .22 1 .63 0 . 1 1 7  <di 0.01 0  74.39 0.0 1 5  
1 50 1 1 .07 4.58 3 .8 1  1 .20 1 .7 1  0.079 0.01 0.0 1 0  72.42 0.0 16  
1 60 1 0.85 5.70 3.93 1 .28 1 .76 0.091 0.02 0.009 7 1 .57 0.0 1 6  
1 70 5.65 24.33 3 . 14  I . 1 7  2.65 0.034 0.04 0.005 48. 14  0.0 1 8  
242 
LAW 239 microlow 
Element 
Depth Al2O3 I Cao I Fe2O3 I KiO I MgO I MnO I P2Os I Rb I SiO2 I Sr 
cm Wto/c. 
1 80 4.93 27. 1 6  2.81  1 . l l 2.72 0.024 0.02 0.004 42.68 0.021 
1 90 5.4 1  25.67 3 .54 1 .24 2.90 0.039 0.03 0.005 43.77 0.0 1 7  
200 4.97 27.29 2.86 1 . 1 3  2.95 0.030 0.02 0.004 43.07 0.020 
2 1 0  5.64 24.28 3.61 1 .37 2.91 0.038 0.05 0.005 45.34 0.0 19  
220 8.62 1 3 .28 4.02 1 .65 2.56 0.083 0.08 0.007 6 1 .97 0.0 1 5  
230 7.33 1 9.77 5.00 1 .76 3.22 0.086 0.08 0.006 47.75 0.01 6  
240 7.59 1 9. 1 5  4.23 1 .68 2.94 0.05 1 0.08 0.006 50. 1 9  0.0 1 6  
250 NA 
260 1 1 .79 7. 1 9  4.83 1 .89 2.43 0.069 0.07 0.009 65.4 1 0.0 1 5  
270 8. 1 4  1 2.03 2.43 1 .7 1  1 .95 0.034 0.07 0.006 67.45 0.0 1 4  
295 9.70 1 1 .79 3 .91  1 .88 2.30 0.048 0.09 0.008 6 1 .69 0.0 14  
3 10 1 0.29 0.49 3 .07 0.92 1 . 1 1  0.056 <di 0.009 83.39 0.0 10  
325 1 0.32 0.46 3 . 1 1 0.9 1 1 .09 0.07 1 <di 0.009 82.98 0.0 10  
LAW 469 microhigh 
1 0  9.26 1 1 .54 3 .7 1  0.79 1 .50 0.073 0.05 0.006 65. 1 3  0.0 1 1 
20 8.92 1 1 .88  3 .6 1  0.78 1 .49 0.075 0.05 0.006 66.39 0.01 1 
30 9.35 10.94 3.78 0.78 1 .5 1  0.08 1 0.05 0.006 66.60 0.01 I 
40 8.54 1 3 .4 1 3 .49 0.78 1 .58 0.052 0.05 0.006 65.04 0.0 1 2 . 
50 9.02 1 2.62 3 .64 0.80 1 .69 0.07 1 0.05 0.006 65.52 0.0 1 3  
60 8.83 1 1 .53 3 .55 0.76 1 .47 0.060 0.05 0.006 65.93 0.0 1 2  
70 9.54 1 0.43 3 .73 0.79 1 .62 0.079 0.05 0.007 67.79 0.0 1 2  
80 9.04 1 1 .46 3.54 0.77 1 .56 0.039 0.05 0.006 66.82 0.0 1 3  
90 9.63 1 0.05 3.70 0.79 1 .62 0.074 0.04 0.006 68.04 0.0 14  
1 00 8.28 1 3 .99 3 .39 0.76 1 .68 0.055 0.05 0.005 64.79 0.0 1 5  
1 1 0 9.79 9.44 3 .74 0.80 1 .62 0.076 0.05 0.007 68.59 0.0 1 5  
1 20 9.57 1 0.60 3 .68 0.83 1 .6 1  0.059 0.05 0.006 66.70 0.0 14  
1 30  9.20 1 0.89 3 .59 0.80 1 .63 0.065 0.04 0.006 67.78 0.0 1 5  
1 40 7.34 1 6.53 3 . 1 1 0.75 1 .74 0.056 0.06 0.005 62.25 0.0 1 9  
1 50 1 0.96 5.72 3 .96 0.82 1 .52 0.089 0.02 0.008 7 1 .73 0.0 14  
1 60 1 0.42 9. 1 8  4.02 0.91 1 .75 0.068 0.04 0.007 67.91 0.0 1 5  
1 70 1 1 . 1 6  7.60 4. 1 1  0.93 1 .66 0.073 0.03, 0.008 68.89 0.0 1 5  
1 80 9.29 1 3.79 4. 1 2  1 .00 1 .90 0.066 0.07 0.007 6 1 .92 0.0 1 7  
1 90 1 0.4 1 1 0.05 4.2 1 0.99 1 .79 0.063 0.05 0.007 66.39 0.0 14  
200 1 0.26 1 2.27 4.43 1 .09 2.05 0.058 0.07 0.007 6 1 .76 0.0 1 6  
2 1 0  1 1 .00 1 0.57 4.63 1 . 1 4  2.03 0.056 0.07 0.008 64.05 0.0 1 5  
LAW 469 microlow 
I O  9.97 1 .28 3 . 1 4  0.71 0.76 0.073 0.02 0.008 72.99 0.007 
20 1 0.76 1 .25 3 .42 0.68 0.95 0.090 <di 0.008 74. 1 3  0.007 
30 1 1 .26 1 .34  3 .55 0.66 1 .06 0.067 <dl 0.007 74.43 0.007 
40 1 1 .32 1 .34 3 .54 0.65 1 .07 0.063 <dl 0.008 74.47 0.008 










































2 10  
220 
Al2O3 I 
1 1 .82 
1 1 .26 
1 1 .59 
I 1 .72 
I 1 .84 
1 2.22 
1 1 .70 
1 1 .65 
1 0.33 
1 1 .43 
1 0.55 
1 1 .00 




9. 1 5  
9.54 
1 0.62 








I 1 .42 








Cao I FezO3 I KP 
1 .40 3.5 1 0.68 
1 .3 5  3.50 0.69 
1 .40 3.61 0.70 
1 .47 3.67 0.73 
1 .50 3.74 0.74 
1 .43 3.76 0.76 
1 .46 3.73 0.77 
1 .39 3.69 0.77 
5 . 1 8  3.61 0.83 
2.21 3.64 0.8 1 
5.38 3.64 0.84 
6.03 4.01 0.95 
1 0.66 4.32 1 .08 
1 1 .6 1 4.95 1 .28 
1 1 .27 4.63 1 .3 1  
1 2. 1 7  4.5 1 1 .27 
1 0.70 3.70 1 .26 
1 1 .65 4.09 1 .34 
1 1 .08 4.0 1 1 .60 
8.60 4.25 1 .65 
15 .43 3.52 1 .49 
1 2.89 3.85 1 .55  
1 2.56 3.93 1 .57 
1 2.72 3.88 1 .58  . 
1 3 .27 3.86 1 .60 
1 0.55 3.97 1 .64 
14.02 3.80 1 .57 
8.87 4. 1 0  1 .7 1  
9.07 4. 1 0  1 .70 
1 3 .53 3.68 1 .57 
1 1 .04 3.93 1 .64 
14.07 3 .83 1 .60 
1 4.47 3.74 1 .59 
1 4.03 3.79 1 .60 
1 5.02 3.73 1 .57 
1 4.50 3.72 1 .56 
LAW 469 microlow 
Element 
I MgO I MnO I P2Os I Rb I SiO2 I Sr 
Wt%-
1 . 1 3  0.050 <di 0.008 72.03 0.008 
1 . 1 0  0.073 <di 0.008 74.62 0.008 
1 .20 0.064 <di 0.008 75.07 0.009 
1 .22 0.068 <di 0.008 75.60 0.009 
1 .34 0.065 <di 0.008 76. J I 0.0 10  
1 . 19  0.050 <di 0.009 75.66 0.0 1 0  
1 .36 0.050 <di 0.009 76. 14  0.0 1 0  
1 .39 0.054 <di 0.009 75.77 0.0 1 0  
1 .50 0.063 0.04 0.008 72.61 0.0 1 2  
1 .42 0.059 0.01 0.008 74.64 0.01 1 
1 .52 0.077 0.04 0.008 72.3 1 0.0 1 3  
1 .61  0.058 0.05 0.008 7 1 .05 0.014 
1 .86 0.05 1 0.09 0.008 65.24 0.014 
2.1 1 0.054 0.09 0.008 6 1 .02 0.0 1 5  
2.08 0.056 0. 1 0  0.008 6 1 .06 0.0 16  
2. 1 5  0.049 0. 1 0  0.008 59.99 0.0 1 5  
1 .77 0.036 0.09 0.007 66.38 0.0 1 3  
1 .83 0.045 0.09 0.008 64.07 0.0 1 3  





2.39 0.052 0.09 0.009 64. 1 3  0.0 1 0  
2.24 0.067 0.09 0.0 1 0  65.99 0.0 1 0  
2.22 0.035 0.08 0.007 6 1 .30 0.0 1 0  
2.3 1 0.049 0.09 0.008 63.3 1 0.0 1 1 
2.22 0.052 0.09 0.008 62.68 0.0 1 1 
2.3 1 0.049 0. 1 0  0.008 6 1 . 1 6  0.0 1 1 
2.36 0.040 0. 1 0  0.008 62.56 0.0 12  
2.28 0.041 0.09 0.009 64. 1 1 0.0 12  
2.43 0.043 0.09 0.008 62. 1 2  0.0 12  
2.33 0.046 0.08 0.0 1 0  67.0 1 0.012 
2.20 0.055 0.08 0.009 66.72 0.0 12  
2.24 0.030 0.09 0.008 6 1 .38 0.0 1 3  
2. 16 0.046 0.08 0.008 63.71 0.0 12  
2.42 0.042 0.09 0.008 6 1 .42 0.0 1 3  
2.34 0.032 0. 1 0  0.007 59.89 0.0 12  
2.32 0.034 0.09 0.007 60.96 0.0 1 3  
2.37 0.029 0. 1 0  0.007 60.35 0.0 1 5  
2. 1 8  0.040 0.09 0.007 59. 1 3  0.0 1 3  
244 
LAW 391 microhigh 
Element 
Depth Al203 I Cao I Fez03 I K20 I MgO I MnO I P20s l Rb l Si02 Sr 
cm Wto/c 
230 9.68 1 1 .85 3 .75 1 .65 2.05 0.041 0.09 0.008 62.61 0.0 1 2  
240 9.82 1 0. 1 9  3.47 1 .63 1 .77 0.040 0.08 0.008 65.09 0.0 1 2  
370 7.49 1 4.63 2.76 1 .64 1 .63 0.025 0.08 0.006 63.26 0.0 1 1 
LAW 391 microlow 
1 0  1 2.53 1 .55  4.07 1 .6 1  1 .54 0.076 0.05 0.0 1 1 67.55 0.007 
20 14.26 1 .70 4.57 1 .62 1 .87 0.087 0.03 0.01 I 68. 1 7  0.008 
30 1 3.55 1 .62 4.26 1 .63 1 .72 0.066 0.03 0.0 1 1 69.3 1 0.008 
40 1 3 .77 1 .65 4.22 1 .6 1  1 .80 0.064 0.03 0.0 1 1 68. 1 0  0.008 
50 13 .59 1 .65 4.26 1 .6 1  1 .90 0.079 0.04 0.0 1 2  69.89 0.009 
60 14. 1 2  1 .69 4.29 1 .65 2.03 O.D78 0.00 0.0 1 2  70.7 1 0.009 
70 13 .64 1 .76 4.27 1 .66 1 .88 0.077 0.02 0.0 1 2  69.92 0.009 
80 1 3.87 1 .77 4.4 1 1 .69 1 .97 0.097 0.02 0.0 1 2  7 1 .82 0.0 10  
90 1 3.79 1 .58 4.38 1 .66 1 .88 0.096 0.02 0.0 1 2  70.37 0.0 1 0  
1 00 1 3.69 2.36 4.35 1 .70 2.06 0.072 0.03 0.0 1 2  7 1 .39 0.01 0  
1 1 0 13 .47 3.4 1 4.26 1 .7 1  2.07 0.062 0.05 0.0 1 1 68.44 0.0 1 I 
1 20 1 3.29 3.83 4. 1 7  1 .7 1  2.02 0.048 0.05 O.o I I 65. 1 6  0.0 1 1 
1 30 1 1 .79 6.60 4.03 1 .65 2.03 0.045 0.07 0.0 1 0  64.80 0.01 1 
1 40 1 0.28 1 1 .22 3.91 1 .62 2.24 0.057 0.09 0.009 6 1 .06 0.0 1 I 
1 50 14.38 2.97 4.59 1 .83 2.22 0.065 0.05 0.0 1 2  67.83 0.0 1 1 
1 60 13 .50 4.87 4.48 1 .82 2.35 0.061 0.06 0.0 1 1 67.85 0.0 1 1 
1 70 13 .05 5.60 4.41 1 .83 2.2 1 0.057 0.07 0.0 1 1 67.57 0.01 2  
1 80 1 2.77 6. 1 9  4.36 1 .80 2.26 0.062 0.06 0.0 1 I 67.32 0.0 1 3  
1 90 1 1 .66 8.42 4.20 1 .78 2.29 0.05 1 0.08 0.0 1 0  66.4 1 0.0 12  
200 1 1 .59 8.23 4.23 l .80 2.23 0.044 0.08 0.0 1 0  65.91 0.0 1 3  
2 10  12.08 7.38 4.28 1 .84 2.2 1 0.046 0.08 0.0 1 0  68. 1 9  0.0 1 1 
220 1 1 .98 7.26 4.22 l .8 1  2 . 12  0.048 0.07 0.0 1 0  65.22 0.0 1 I 
230 8.60 1 5.52 3.85 1 .60 2.3 1 0.029 0.09 0.007 59.79 0.0 1 5  
240 9.04 1 4.22 3.84 1 .63 2.3 1 0.036 0. 10  0.008 60.66 0.0 13  
250 9. 1 8  1 3 .99 3 .88 1 .63 2.22 0.03 1 0. 1 0  0.008 58.84 0.0 1 3  
VIC 409 microhigh 
I O  8.96 7.03 3 .0 1  1 .38 1 .59 0.079 0.05 0.007 72.88 0.0 1 2  
20 8.84 8.54 2.91 1 .39 1 .64 0.082 0.03 0.007 72.86 0.0 1 3  
30  8.68 8.35 2.99 1 .30 1 .53 0.071 0.05 0.007 7 1 .47 0.0 14  
40 8.65 9.2 1 3.04 1 .36 1 .68 0.073 0.04 0.007 7 1 .42 0.01 6  
50 9. 1 0  8. 1 7  2.94 1 .45 1 .78 0.065 0,03 0.007 72.2 1 0.0 16  
60 8.92 8.59 3.04 1 .42 1 .73 0.083 0.04 0.007 7 1 .46 0.01 6  
70 9.35 7.70 2.96 1 .5 1  l .8 1  0.074 0.03 0.007 72.69 0.0 16  
80 9.09 7.82 3 . 1 0  1 .46 1 .67 0.064 0.04 0.007 7 1 .23 0.0 1 8  
90 9.08 7.93 3 . 1 6  1 .47 1 .73 0.081 0.04 0.007 7 1 .24 0.019  
1 00 9. 1 5  7.85 3 . 1 8  1 .49 l .73 0.079 0.04 0.007 70.96 0.020 
1 1 0 9.85 6.72 3 .25 1 .56 l .82 0.074 0.03 0.008 7 1 . 1 6  0.0 1 8  
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VIC 409 microhigh 
Element 
Depth Al2O3 I Cao I Fe2O3 I KP I MgO I MnO I P2Os I Rb I SiO2 I Sr 
cm Wto/c 
120 9.66 6.6 1 3 .26 1 .53 1 .77 0.089 0.04 0.008 72.3 1 0.oI 8  
1 30 9.49 6.65 3.2 1 1 .53 1 .60 0.063 0.03 0.007 7 1 .09 0.0 1 8  
1 40 9.53 6.92 3.22 1 .59 1 .78 0.069 0.04 0.008 72.39 0.01 8 
1 50 9.34 6.71 3 . 1 5  1 .53 1 .59 0.060 0.04 0.007 72.58 0.0 1 7  
160 9.64 5.82 3 . 1 7  1 .59 1 .57 0.080 0.04 0.008 74.04 0.0 1 7  
1 70 NA 
1 80 7.88 5.80 2.76 1 .08 1 .43 0.052 0.08 0.006 73 .35 0.0 16  
1 90 7.27 8.66 2.81 0.96 1 .71  0.044 0.09 0.006 68.72 0.0 1 8  
200 5 . 1 5  9.95 2.36 0.43 2.32 0.030 <di 0.004 6 1 .24 0.0 18  
2 10  7. 1 7  8.2 1 2.74 0.95 1 .63 0.038 0.08 0.006 69.53 0.0 1 7  
220 8.40 9.0 1 3.05 1 .43 1 .37 0.049 0.06 0.006 7 1 .73 0.0 16  
VIC 409 microlow 
10 9.75 0.96 2.78 1 .55 1 . 1 1 0.072 <di 0.008 77.26 0.008 
20 1 0.20 1 . 1 7  3 .06 1 .44 1 .26 0.090 <di 0.008 78.65 0.009 
30 1 0. 1 3  1 . 1 7  3.01 1 .42 1 .22 0.074 <di 0.008 77.69 0.009 
40 10.29 1 .27 3.04 1 .4 1  1 .32 0.072 <dl 0.008 77.53 0.0 1 0  
50 10. 1 5  1 .77 2.98 1 .39 1 .39 0.078 <di 0.008 77.89 0.010 
60 9.62 1 .80 2.92 1 .35 1 .28 0.076 <di 0.008 78.78 0.0 1 1 
70 9.5 1 3.79 2.88 1 .40 1 .42 0.070 <di 0.007 75.48 0.0 1 3  
80 9.90 2.88 2.78 1 .44 1 .46 0.067 <di 0.007 76.84 0.0 1 1 
90 1 0.05 2.62 2.96 1 .44 1 .45 0.070 <di 0.008 75.09 0.0 1 2  
100 8.73 5.67 2.74 1 .36 1 .44 0.071 0.02 0.007 76.09 0.0 14  
1 1 0 9.42 4.07 2.93 1 .47 1 .41 0.073 0.02 0.007 76.5 1 0.0 14  
120 9.38 5.09 3.00 1 .53 1 .47 0.073 0.02 0.007 74.37 0.0 1 5  
130 8.95 6.30 2.93 1 .52 1 .49 0.062 0.03 0.007 73.84 0.0 1 6  
140 9.34 4.99 3.02 1 .55 1 .41 0.067 0.01 0.007 75.02 0.0 1 5  
1 50 9. 1 9  5.85 2.96 1 .55 1 .49 0.062 0.02 0.007 75.28 O.o I 5  
160 9.3 1 5.74 2.87 1 .55 1 .41 0.070 0.02 0.007 7 1 .2 1  0.0 1 5  
1 70 9.09 6.06 2.89 1 .52 1 .47 0.055 0.03 0.007 74.49 0.0 16  
1 80 8.02 1 3.76 3.91 1 .34 2. 1 1  0.088 0. 10  0.006 58.35 0.0 1 8  
190 8.98 6.83 2.93 1 .52 1 .53 0.065 0.03 0.007 73.26 0.0 1 6  
200 9.60 5.20 3.04 1 .59 1 .44 0.064 0.02 0.007 75.20 0.0 1 5  
2 1 0  9.07 6.77 3.02 1 .53 1 .5 1  0.058 0.04 0.007 73.46 0.0 1 7  
220 9.86 4.01 2.96 1 .56 1 .4 1  0.058 0.03 0.007 73. 1 3  0.0 14  
230 9.87 4.25 3.04 1 .58 1 .5 1  0.059 0.03 0.007 75.97 0.0 1 5  
240 9.92 4.44 3.07 1 .58 1 .42 0.061 0.04 0.007 73.82 0.0 1 5  
250 9.93 3.23 3 . 1 5  1 .55 1 .45 0.066 0.06 0.008 77.3 1 0.0 14  
260 9. 1 8  1 0.06 3.66 1 .55 1 .73 0.064 0. 1 2  0.007 64.9 1 0.020 
__ 1-]Q_ _ 8.29 --- 12.66 ___ 3.92 --- 1 .3 1  ____ 2.2 1 --- 0.061 ---- 0. 10  --- 0.007 _____ 57.76 ____ 0.0 1 7  --
dl 0.08 0.06 0.02 0.02 0.04 0.004 0.0 1 0.001 0.24 0.001 
recc 0. 1 1  0.02 0.08 0.01 0.05 0.002 0.03 0.0003 0. 1 5  0.0003 
c instrumental precision 
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Table A3-2. Whole soil carbonate-corrected element oxide data. 
LEG 245A microhigh 
Element 
Depth Al2O3 I CaO I Fe2O3 I K2O I MgO I MnO I P2Os I Rb I SiO2 I Sr 
cm Wto/c 
I O  12.3 1 1 .40 3 .62 0.77 0.85 0.04 1 0.06 0.009 72.77 0.0 1 0  
20 12.65 1 .39 3 .62 0.77 0.95 0.035 0.04 0.008 73.73 0.0 1 3  
30 12.37 1 .52 4.06 0.76 0.98 0.055 0.03 0.009 75.4 1 0.008 
40 12.3 1 3.64 4.75 0.80 I . I O  0. 1 56 0.05 0.009 73.55 0.009 
50 1 1 .97 3.58 4.86 0.74 1 .06 0. 1 59 0.04 0.008 74.25 0.008 
60 1 1 .64 4.38 4.84 0.77 1 .09 0. 1 77 0.04 0.008 73.44 0.008 
70 1 1 .78 5.00 4.22 0.76 I . I  9 0.044 0.06 0.008 75.58 0.008 
80 12.86 1 .55 4.28 0.74 I . I  I 0.070 0.03 0.008 74.50 0.009 
90 12.92 1 .32 4.69 0.76 1 .07 0. 1 08 0.03 0.009 74.92 0.009 
100 12.35 1 .3 1  4.57 0.71 0.78 0.08 1 <di 0.008 75.23 0.008 
1 10 12.30 4.89 4.46 0.76 1 .22 0.069 0.07 0.008 73.72 0.009 
120 12.76 1 .30 6.6 1 0.70 0.97 0.359 <di 0.008 70.66 0.008 
130 12.42 2 . 14  4.5 1 0.73 1 .06 0.095 0.02 0.008 75. 1 7  0.009 
1 40 12.59 1 . 1 8  4.72 0.72 1 .0 1  0.087 <di 0.009 75.00 0.008 
150 12.80 1 .20 4. 1 3  0.77 1 .03 0.46 1 <di 0.009 75.27 0.009 
160 13 .04 1 .52 5 .93 0.79 1 . 13 0. 1 55 0.01 0.009 73.86 0.009 
1 70 1 3 .03 1 .83 4.59 0.77 1 .25 0.092 0.02 0.008 76. 1 3  0.009 
1 80 1 0. 12  1 0.68 4.62 0.79 1 .24 0. 140 0.07 0.007 75. 1 2  0.009 
190 1 1 .44 4.87 3.85 0.79 1 .09 0.045 0.03 0.008 76.65 0.0 1 0  
200 1 1 .62 5.65 3 .79 0.83 1 . 1 1 0.052 0.03 0.008 75.21 0.0 1 0  
2 10  9.95 1 4.21 3 .96 0.95 1 .50 0.075 0.08 0.007 73.89 0.01 I 
220 10.25 16. 1 7  4.75 1 .20 1 .73 0.084 0. 1 0  0.007 70. 1 3  0.0 12  
230 1 1 .88 1 2.93 5 .47 1 .5 1  1 .89 0.097 0. 1 0  0.009 67.84 0.0 14  
240 1 4.35 4.68 5 .3 1 1 .66 1 .70 0.095 0.07 0.0 1 1 69.74 0.0 12  
250 14.39 4. 1 1  4.98 1 .76 1 .64 0. 1 04 0.08 0.0 1 1 70.50 0.0 12  
260 13 .60 7.32 5.44 1 .68 1 .70 0. 1 1 9 0.08 0.0 1 I 67.5 1 0.0 1 3  
270 13 .48 9.65 6.55 1 .92 2.04 0. 1 16 0. 1 3  0.0 1 1  65. 1 7  0.0 1 5  
LEG 245A microlow 
10  1 1 .37 1 . 1 9  3 .26 0.69 0.68 0.039 0.0 1 0.008 76.94 0.0 1 0  
20 1 1 .67 1 .3 5  3 . 1 3  0.72 0.70 0.034 0.04 0.008 72. 1 2  0.022 
30 1 1 .84 1 .3 5  3 .2 1  0.72 0.76 0.033 0.01 0.008 76. 1 5  0.0 10  
40 12.66 1 .35  3 .47 0.74 0.87 0.039 0.02 0.009 75.23 0.0 1 0  
50 12.89 1 .4 1  3 .60 0.74 0.89 0.04 1 0.01 0.009 74.30 0.0 1 0  
60 13 .47 1 .48 3 .89 0.77 0.93 0.037 <di 0.009 72.88 0.01 0  
70 13 .22 1 .4 1  3 .80 0.76 0.90 0.033 <di 0.009 73.73 0.009 
80 13 .27 1 .46 3 .73 0.77 0.9 1 0.038 <di 0.009 74. 1 2  0.0 1 0  
90 1 2.60 1 .33 3 .68 0.77 0.89 0.048 <di 0.009 77. 1 1 0.0 1 0  
1 00 NAb 
0 value below instrument detection limit 
0 analysis data not available 
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LEG 245A microlow 
Element 
Depth Alz03 I CaO I FeiO3 I KP I MgO I MnO I P2Os I Rb I SiO2 I Sr 
cm Wt%------------
1 1 0 1 2.67 1 .3 1  3.65 0.76 0.86 0.035 <di 0.009 77.62 0.009 
1 20 12 .90 1 .28 4.02 0.77 0.96 0.044 <di 0.009 76.9 1 0.009 
1 30 12.98 1 .4 1  4. 1 2  0.78 1 .0 1  0.05 1 <di 0.009 77.3 1 0.009 
140 1 3 .20 1 .3 1  4.2 1 0.8 1  1 .0 1  0.061 <di 0.009 76.86 0.009 
1 50 1 2.97 1 .72 4.47 0.80 0.96 0.096 <di 0.009 75.4 1 0.0 10  
1 60 1 3 .20 1 .39 4.96 0.78 1 .05 0. 1 68 <di 0.009 74.8 1 0.0 1 0  
1 70 1 3.54 1 .44 4.65 0.84 1 .06 0. 1 1 8 <di 0.009 74.95 0.0 10  
1 80 1 3.2 1 1 .35 4.54 0.84 1 . 1 4  0.092 <di 0.009 76.45 0.0 1 0  
1 90 1 2.4 1 4.56 4.50 0.87 1 .23 0.062 0.03 0.008 76.08 0.0 10  
200 9.92 1 7.03 4.90 1 .05 1 .80 0. 1 54 0. 1 I 0.007 7 1 .26 0.0 1 1 
2 1 0  1 1 .0 1  1 2.06 4.50 1 .09 1 .55 0.065 0.08 0.008 73 .91  0.0 1 1 
220 I I . 1 6  9.75 4.55 0.98 1 .30 0.082 0.07 0.008 75.39 0.0 1 0  
230 6.8 1 29.59 3.88 0.99 1 .84 0.037 0.07 0.005 68.55 0.009 
240 l 1 .09 14.33 4.96 1 .28 1 .82 0.052 0. 1 0  0.008 7 1 .55 0.0 12  
250 l 1 .55 1 1 .83 5.21 1 .29 1 .69 0. 1 19 0.09 0.009 72.64 0.0 1 2  
260 1 3.55 2.88 4.74 1 .28 1 .27 0.070 0.03 0.0 1 0  73.42 0.0 1 0  
270 1 7.48 1 .42 5.36 2.0 1 1 .7 1  0. 1 40 0.05 0.0 1 3  70.28 0.0 1 3  
280 1 7.53 1 .46 6.53 2.00 1 .86 0.262 0.07 0.0 1 3  68.79 0.0 13  
LAC 20lmicrohigh 
1 0  I 1 .95 0.98 4. 1 0  1 . 1 9  1 .39 0. 1 04 0.04 0.0 1 0  75.49 0.007 
20 1 3.22 1 .02 4.38 1 .25 1 .54 0. 106 0.03 0.0 1 1 73.4 1 0.008 
30 1 2.7 1 2.39 4.47 1 .25 1 .55 0. 1 12 0.05 0.0 1 0  72.79 0.008 
40 12.37 4.27 3.99 1 .29 1 .72 0.060 0.06 0.0 1 0  72.04 0.009 
50 1 1 .79 4.84 4.62 1 .25 1 .75 0. 1 72 0.06 0.009 72. 1 7  0.009 
60 1 1 .3 1 6.08 4.06 1 .28 1 .85 0. 107 0.06 0.009 73.38 0.009 
70 1 0.56 9.85 3.65 1 .32 2.00 0.046 0.08 0.009 70.38 0.0 10  
80 12.05 4.02 3 .99 1 .24 1 .70 0.078 0.05 0.009 72.52 0.009 
90 I 1 .3 5  4. 1 3  3.63 I . 1 6  1 .60 0.050 0.06 0.009 74.26 0.009 
1 00 9.88 12 .0 1  3.6 1 1 .25 1 .97 0.040 0.08 0.008 69. 1 3  0.01 l 
127 9.99 13 .67 3.68 1 .39 2.26 0.041 0. 1 0  0.008 66.04 0.0 1 0  
1 63 7.79 1 9.03 3.3 1 I . l 9  2.08 0.052 0.05 0.006 69.02 0.0 1 5  
1 90 1 0.33 1 4.86 4.66 1 .93 2.81 0.050 0.09 0.009 63.01 0.0 1 3  
2 19  1 2 . 1 4  I 1 .73 5. 1 7  2.33 3 .33 0.061 0. 1 1  0.0 1 1 62.04 0.0 14  
253 12.24 1 2.80 5.44 2.45 3.67 0.066 0. 1 1  0.01 1 60.34 0.0 1 5  
LAC 20lmicrolow 
1 0  9.97 0.55 2.94 0.98 0.68 0.055 0.01 0.009 77.39 0.008 
20 9.80 0.44 3.00 0.94 0.84 0.066 0.03 0.008 80. 14  0.007 
30 9. 1 3  0.41 2.63 0.86 0.60 0.066 0.0 1 0.008 8 1 .80 0.007 
40 1 0.97 0.54 3.29 0.94 0.95 0.085 0.03 0.008 77.97 0.008 
60 1 1 .24 0.55 3.22 1 .02 0.98 0.049 <di 0.009 77.0 1 0.008 




Depth Alz03 I CaO I FezO3 I K2O I MgO I MnO I P2Os I Rb I SiO2 I Sr 
cm Wto/c 
80 1 1 .3 1 0.48 3.64 1 .00 1 .04 0.045 0.01 0.009 77.55 0.007 
90 10.72 0.5 1 4.08 1 .00 0.84 0. 107 <di 0.009 77.64 0.008 
100 12.81 0.60 3.94 1 . 1 4  1 .30 0.062 0.02 0.01 1 73 .81  0.008 
1 1 0 13.87 0.64 4.39 1 .22 1 .60 0.056 0.03 0.01 I 72.62 0.009 
120 14.41 0.68 5 . 16  1 .29 1 .64 0. 1 64 0.03 0.01 1 70.53 0.009 
1 30 13 .92 0.63 4.85 1 .25 1 .65 0. 1 58 0.01 0.01 I 72.00 0.009 
140 12.97 0.63 4.5 1 1 .28 1 .23 0. 1 08 <di 0.01 I 74.26 0.009 
1 50 12.81 0.56 3.99 1 .24 1 .52 0.071 0.01 0.01 I 75.58 0.008 
1 60 1 1 .30 6.86 3.83 1 .35 1 .85 0.Q78 0.06 0.009 72.48 0.0 10  
1 70 12.62 1 .06 3 .81  1 .34 1 .60 0.058 <di 0.0 10  78.90 0.009 
1 80 1 5.46 7.00 6. 1 4  2.42 3.56 0. 1 1 0 0.23 0.0 1 3  65.03 0.0 12  
195 16. 1 8  4.46 5.99 2.32 3.20 0. 1 00 0.10 0.0 13  65.78 0.01 I 
227 14.26 7.28 5.32 2.45 3.35 0.071 0. 1 1  0.0 1 2  65.26 0.0 13  
252 1 3. 1 8  6.96 4.77 2.08 3.00 0.070 0.09 0.01 I 69.44 0.0 12  
270 14.59 6.57 5 . 19  2.62 3.94 0.057 0. 1 2  0.0 1 1  67.23 0.0 1 3  
300 12 . 1 8  1 2.49 5.36 2.46 4.01 0.073 0. 1 5  0.0 10  59.86 0.0 16  
LAC 1 57 microhigh 
10  12. 1 1 1 .52 4.47 1 .38 1 . 1 8  0.066 0.03 0.0 1 2  66.37 0.009 
20 12.45 1 .66 4.5 1 1 .37  1 .3 1  0.077 0.02 0.0 1 2  68.39 0.009 
30 12 . 13  1 .50 4.6 1 1 .30 1 . 1 9  0. 1 1 4 0.02 0.0 1 I 68. 1 0  0.009 
40 12.26 1 .54 4.47 1 .28 1 .26 0.080 0.02 0.0 1 1 67.99 0.009 
50 1 1 .73 1 .75 4.44 1 .2 1  1 . 1 9  0.098 0.0 1 0.0 1 1 69.49 0.0 10  
60 1 1 .58 1 .96 4.35 1 . 1 8  1 . 1 6  0.082 0.Q l 0.0 10  69.66 0.0 10  
70 1 1 .9 1 1 .57 4.66 1 . 1 7  1 .25 0. 1 3 1  <di 0.0 10  69.72 0.0 1 0  
80 1 1 .93 1 .54 4.75 1 . 1 7  1 .26 0. 1 2 1  <di 0.0 1 0  69. 1 I 0.0 1 0  
90 12.02 3.28 4.7 1 1 .24 1 .40 0. 1 02 0.03 0.0 10  67.66 0.01 1 
1 00 1 1 . 14 7. 1 7  4.87 1 .3 1  1 .74 0. 1 1 7 0.06 0.009 67.52 0.0 1 3  
1 1 0 10.97 7.2 1 4.99 1 .30 1 .74 0. 1 72 0.05 0.0 10  67.22 0.0 14  
1 20 1 1 .39 5.90 4.54 1 .34 J .74 0.085 0.04 0.0 10  69.37 0.0 1 3  
1 30 10.68 7.35 4.35 1 .30 1 .78 0.066 0.05 0.0 1 0  70.08 0.0 1 5  
140 1 1 .02 6.29 4.45 1 .30 1 .80 0.085 0.05 0.0 10  70.44 O.Q l 5  
1 50 12. 14  3.07 4.69 1 .35  1 .65 0. 1 02 0,03 0.0 1 I 70.27 0.0 14  
160 1 1 .69 5.24 4.6 1 1 .46 1 .89 0.057 0.05 0.0 1 1 69.2 1 0.0 14  
1 70 1 1 .26 8.66 4.87 1 .65 2. 1 7  0.052 0.09 0.0 1 0  6 1 .55 0.0 1 5  
1 80 9.98 1 4.01 5 .23 1 .9 1  3 .22 0.047 0. 12  0.009 57.42 0.0 19  
190 10.94 1 2.00 5.44 1 .96 2.96 0.05 1 0. 1 2  0.0 10  57. 1 3  0.0 1 7  
200 1 1 .34 12 . 1 8  5.87 2.22 3.35 0.063 0. 1 5  0.01 I 52.49 0.Q 1 8  
2 1 0  12.75 10.57 6.60 2.45 3.46 0.056 0. 1 5  0.0 12  52.65 0.0 1 8  
LAC 157 microlow 
10  1 1 .57 1 .40 4.42 1 .26 0.97 0. 103 0.03 0.01 I 64.98 0.009 
20 1 2.3 1 1 .46 4.77 1 .2 1  1 . 1 2  0 . 127 <di 0.01 1 65. 1 9  0.009 
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LAC 1 57 rnicrolow 
Element 
Depth Al2O3 I CaO I FezO3 I K2O I MgO I MnO I PzOs I Rb I SiO2 I Sr 
cm Wt'¼ 
30 1 2.43 1 .46 4.63 1 .2 1  1 . 1 2  0.063 <di 0.01 I 66.59 0.009 
40 1 2.28 1 .45 4.96 1 .20 1 . 1 3 0.145 0.01 0.0 1 1 65.28 0.0 1 0  
50 1 2.25 1 .42 4.62 1 . 1 9  1 .09 0.065 <di 0.0 1 1  65.92 0.0 1 0  
60 1 1 .97 1 .36 4.64 1 .20 1 .09 0.096 <di 0.0 1 1 67.82 0.0 10  
70 1 2 . 1 5  1 .34 4.39 1 .23 1 . 1 1 0.046 <di 0.0 1 I 66.96 0.0 1 0  
80 1 1 .94 1 .32 4.38 1 . 1 9  1 .08 0.050 <di 0.01 1 67.58 0.0 10  
90 1 2.33 1 .3 I 4.5 1 1 .25 1 .2 1  0.063 0.0 1 0.0 12  66.82 0.0 1 1 
1 00 1 2.83 1 .83 4.79 1 .33 1 .59 0. 102 0.02 0.0 12  68.57 0.0 1 1  
1 1 0 1 3 .3 I 1 .33 4.95 1 .38 1 .59 0. 1 09 <di 0.0 1 2  69. 1 8  0.0 1 2  
120 13 .64 1 .32 4.84 1 .42 1 .78 0.070 0.Q I 0.0 12  69.94 0.0 12  
1 30 1 2.86 1 .49 4.9 1 1 .3 1  1 .57 0. 1 3 1  0.01 0.0 12  69.09 0.0 1 2  
1 40 1 2.30 2.71 4.47 1 .26 1 .5 1  0.072 0.02 0.01 I 69.8 1 0.0 1 2  
1 50 1 1 .9 1  4.30 5.03 1 .35 1 .72 0. 148 0.03 0.01 I 70.50 0.0 1 2  
1 60 1 1 .0 1  7.07 4.67 1 .3 1  l .91  0. 1 13 0.06 0.0 10  7 1 .75 0.0 14  
1 70 1 1 .58 5.79 4.76 1 .34 1 .87 0. 1 04 0.05 0.0 10  69.88 0.0 14  
1 80 1 0.61  10 . 19 4.93 1 .5 1  2.41 0. 1 06 0.09 0.009 67.55 0.0 1 7  
190 1 2.64 8.5 1 5.47 1 .94 2.79 0.052 0. 1 0  0.0 12  63.94 0.0 1 6  
200 1 0.82 13 .36 5 .88 2. 1 8  3 .55 0.094 0. 1 1  0.0 10  58.55 0.Q 1 8  
2 1 0  1 2.25 1 1 .39 6. 1 7  2.30 3.60 0.072 0. 1 3  0.0 1 1  59.77 0.0 1 9  
220 1 3 .66 9.86 7.39 2.54 3.78 0. 1 70 0. 1 6  0.0 12  56.5 1 0.022 
230 1 3 .20 10.46 6.88 2.57 3.69 0.071 0. 14  0.0 13  56. 1 0  0.0 1 8  
240 1 1 .61 12.54 7.33 2.44 3 .84 0. 1 25 0. 1 5  0.01 I 54.65 0.0 1 9  
250 NA 
260 1 3 . 1 3  9.75 6.21 2.42 3.45 0.055 0. 1 3  0.0 12  60.69 0.0 1 9  
270 NA 
280 1 2.28 1 1 .7 1  6.62 2.54 3 .77 0.091 0. 14  0.0 10  59.86 0.0 1 6  
LAC 4 8 1  rnicrohigh 
I O  14.61 2.82 5.52 1 .58 1 .74 0. 134 0.03 0.0 1 3  65.60 0.009 
20 1 5.04 2. 1 7  5 .81  1 .52 1 .64 0. 124 0.02 0.0 14  65.67 0.009 
30 1 5.40 1 .58 5.90 1 .5 1  1 .64 0. 1 30 <di 0.0 14  65.86 0.0 10  
40 1 5 .49 1 .56 5.86 1 .53 1 .70 0. 130 <di . 0.0 14  66.26 0.0 1 0  
50 1 5.59 1 .50 5.67 1 .53 1 .74 0. 1 25 <di 0.0 14  66.05 0.0 1 0  
60 1 5.58 1 .40 5 .70 1 .52 1 .75 0. 135 <di 0.0 14  64.61 0.0 1 0  
70 14.60 3.36 5 .53 1 .53 1 .84 0. 1 1 1  <di 0.0 1 3  64.75 0.0 10  
80 1 2.7 1 9.48 5.89 1 .75 2.50 0.096 0.08 0.0 13  6 1 .73 0.0 1 3  
90 NA 
100 9.87 1 5 . 19  5 .51  1 .82 3.20 0.064 0.09 0.0 10  58.79 0.0 1 3  
1 10 1 1 . 1 0  1 3.38 5.92 1 .89 3 .24 0.081 0. 1 0  0.0 1 1 6 1 .35 0.0 1 4  
1 20 1 2. 1 7  1 0.36 5.70 1 .65 2.47 0.099 0.09 0.0 1 2  60.77 0.0 1 3  
1 30 1 0.57 1 3.62 5.49 1 .69 2.90 0.062 0.09 0.0 10  6 1 .00 0.0 1 5  
1 40 12 . 19  1 0.69 5.86 1 .75 2.72 0.084 0.08 0.0 1 2  65.2 1 0.01 4  
250 
LAC 481 microhigh -
Element 
Depth Al2O3 I Cao I Fe2O3 I KP I MgO I MnO I P2Os I Rb I SiO2 I Sr 
cm Wto/c 
1 50 8.72 17 . 1 5  5.06 1 .65 3.32 0.044 0.08 0.009 59. 1 8  0.0 1 5  
1 60 1 3.97 7.86 6. 1 6  1 .89 2.70 0.085 0.08 0.0 13  6 1 .63 0.0 13  
1 70 1 3.47 8.63 5.94 1 .86 2.7 1 0.068 0.08 0.0 1 3  60.71  0.013  
1 80 14.3 I 7.71 6. 1 9  1 .98 2.80 0 . 109 0.07 0.0 13  63 .56 0.0 13  
1 90 12.25 1 0.81 5.77 2. 1 3  3 . 1 7  0.067 0. 1 1  0.01 I 57.96 0.0 1 5  
200 I 1 .20 1 2.77 5.67 2.33 3 .61 0.064 0. 1 2  0.0 10  58.38 0.0 1 8  
2 1 0  1 1 .70 I 1 .98 5.98 2.37 3.66 0.067 0. 1 2  0.0 1 I 60.29 0.020 
220 1 1 .59 1 2.01 5.64 2.35 3.6 1 0.055 0. 1 3  0.0 10  57.49 0.0 19  
230 1 2. 14 10.90 5.57 2.39 3.38 0.055 0. 1 3  0.01 1 54.68 0.0 1 7  
430 I 1 . 5 1  I 1 .54 5.62 2.52 3.45 0.060 0. 1 3  0.0 10  58.88 0.0 18  
LAC 48 1  microlow 
I O  14.25 1 .53 5 .27 1 .48 1 .44 0. 133 0.03 0.0 13  67.43 0.008 
20 14.58 1 .56 5 .43 1 .47 1 .59 0. 140 0.03 0.0 13  67.95 0.008 
30 14.72 1 .49 5.55 1 .41 1 .52 0. 127 <di 0.0 13  68.68 0.008 
40 1 4.29 1 .4 1  5.29 1 .41 1 .37 0. 1 04 <di 0.0 13  69.46 0.009 
50 14.51 1 .39 5 .42 1 .39 1 .48 0. 1 14 <di 0.0 12  69.24 0.008 
60 13.91 1 .4 1  5 .33 1 .36 1 .43 0. 1 60 <di 0.0 12  70.42 0.009 
70 14.45 1 .28 5.25 1 .38 1 .46 0. 109 <di 0.0 12  69.55 0.009 
80 1 3.96 1 .3 1  5 .50 1 .36 1 .46 0.208 <di 0.0 12  69.99 0.009 
90 1 5.76 1 .3 1  5.98 1 .47 1 .69 0. 145 <di 0.0 14  67.91 0.009 
1 00 1 3 . 1 0  I . 1 9  5.40 1 .38 1 .44 0. 1 64 <di 0.0 12  7 1 . I 0  0.009 
1 1 0 1 6.22 1 .3 1  5.85 1 .56 1 .85 0. 108 <di 0.0 14  69.09 0.0 10  
1 20 1 5.71 1 .25 5.65 1 .57 1 .78 0 . 101  <di 0.0 1 4  70.06 0.0 10  
1 30 1 5.62 1 .20 5.76 1 .6 1  1 .88 0 . 135 <di 0.0 14  70. 1 8  0.0 10  
1 40 1 5.42 1 . 1 9  5 .61 1 .63 1 .87 0 . 122 <di 0.0 1 4  70.79 0.0 10  
1 50 1 5 .00 1 .62 5.39 1 .63 1 .89 0.096 <di 0.0 14  7 1 .70 0.010 
1 60 1 5.32 1 .53 5.55 1 .67 1 .93 0. 1 14 <di 0.0 14  70.87 0.0 10  
1 70 1 5.40 1 .42 5.62 1 .67 2.02 0.134 <di 0.01 4  69.99 0.0 10  
1 80 1 5.54 1 .74 5.49 1 .7 1  . 2.04 0.093 0.01 0.0 1 4  69.44 0.01 I 
1 90 1 5.64 2.44 5.66 1 .76 2. 1 6  0.1 1 5  0.03 0.0 14  68.52 0.010 
200 1 5.28 4.4 1 5.89 1 .93 2.60 0. 149 0.06 0.0 1 3  68.06 0.0 12  
2 1 0  1 2.96 10.57 5 .91 2.42 3.73 0.08 1 0 . 12 0.01 1 62.29 0.0 1 5  
220 1 2.56 I 1 .04 5 .48 2.5 1 3.77 0.075 0. 1 3  0.0 1 I 6 1 .53 0.0 1 5  
230 12 . 16  I 1 .63 6.09 2.48 3.77 0 . 109 0 . 1  I 0.0 10  60.50 0.0 1 5  
240 13 .64 9.70 6.26 2.62 3 .80 0 . 109 0 . 12  0.0 1 I 6 1 .04 0.0 1 5  
250 1 2.68 10.78 5 .79 2.52 3.80 0.087 0. 1 2  0.01 I 6 1 . I 0  0.0 16  
LAW 239 microhigh 
I O  10.73 3.48 3 .78 I . I  7 1 .28 0.1 1 0  0.03 0.009 74.93 0.008 
20 9.09 1 2.78 3.91 1 .26 2. 1 8  0.063 0.07 0.008 75.47 0.0 1 6  
3 0  NA 
40 I 1 .81 4.85 4. 1 8  1 .29 1 .67 0.085 0.03 0.0 10  76.93 0.0 1 I 
25 1 
LAW 239 microhigh 
Element 
Depth Al2O3 I CaO I Fe2O3 I K2O I MgO I MnO I P2Os I Rb I Si02 I Sr 
cm Wt'¾ 
50 8.42 1 6. 1 8  3.96 1 .40 2.70 0.040 0.07 0.008 70.81 0.0 16  
60 1 0.06 1 1 .29 4.29 1 .38 2.07 0.079 0.06 0.009 73.96 0.0 14  
70 8.73 1 5. 1 4  4. 1 7  1 .40 2.55 0.062 0.08 0.008 70.86 0.0 16  
80 9.76 12.77 4. 1 7  1 .42 2.33 0.058 0.07 0.008 73.70 0.0 1 5  
90 7.03 19.74 4.14 1 .47 3.26 0.048 0.05 0.006 62. 1 8  0.0 19  
1 00 7.36 1 9.04 4.26 1 . 5 1  3 . 1 8  0.044 0.05 0.006 63. 1 1  0.0 19  
1 10 6.27 2 1 .54 3 .87 1 .38 3.63 0.047 0.02 0.005 58.98 0.021 
1 20 7 . 17  1 9.23 3.93 1 .40 3 . 1 5  0.047 0.05 0.006 64.5 1  0.020 
130  6.79 20. 1 8  3.81 1 .39 3.32 0.046 0.04 0.006 62.61 0.021 
1 40 6.34 2 1 .32 3.72 1 .40 3.66 0.039 0.02 0.005 59.4 1 0.024 
1 50 6.79 20.26 3.71 1 .41 3.48 0.038 0.04 0.006 62.42 0.024 
1 60 8.84 1 5.59 4 . 19 1 .52 2.96 0.053 0.07 0.008 69.78 0.022 
1 70 9.08 14.94 4.29 1 .53 2.87 0.061 0.08 0.008 70.63 0.022 
1 80 1 1 .45 1 0.33 4.70 1 .70 2.63 0.065 0.08 0.010 71 .45 0.0 1 7  
1 90 7.76 1 8.55 4.38 1 .7 1  3.64 0.050 0.07 0.007 62.56 0.020 
200 1 1 . 1 9  1 1 .33 4.80 1 .88 2.78 0.062 0.09 0.0 10  69.21 0.0 1 8  
2 1 0  6.33 2 1 .32 4.00 1 .65 4. 1 6  0.052 0.02 0.005 55.84 0.023 
220 6.95 1 9.62 3.45 1 .78 3.87 0.040 0.05 0.006 59.70 0.021 
230 6.23 2 1 . 1 0  3.70 1 .68 4.09 0.042 0.03 0.005 55.97 0.021 
240 8.43 1 6.28 4.26 1 .77 3 .27 0.05 1 0.08 0.007 67.77 0.0 1 8  
250 6.74 1 9.45 3.24 1 .74 3.58 0.036 0.05 0.005 62.36 0.0 19  
260 6.96 19 . 1 6  4.60 1 .79 3.60 0.055 0.06 0.006 59.80 0.0 1 8  
270 7.47 1 7.32 3 . 16  1 .83 3.23 0.039 0.07 0.006 67.35 0.0 1 8  
LAW 239 microlow 
1 0  1 1 .70 1 .2 1  4. 1 9  1 . 1 3  1 . 1 9  0. 1 54 <di 0.0 10  74.43 0.009 
20 12.53 1 .3 1  4.48 1 . 1 4  1 .39 0. 167 <di 0.0 10  73.80 0.0 10  
30  12.40 1 .29 4.26 1 . 1 3  1 .34 0.1 1 7  <di 0.010 74.42 0.0 10  
40 12.3 1 1 .29 4.24 1 . 1 4  1 .34 0. 126 <di 0.0 10  74.45 0.0 10  
50 12.24 1 .29 4.20 1 . 1 4  1 .37 0. 1 1 2 <di 0.0 10  74.66 0.01 1 
60 12.32 1 .30 4.44 1 . 1 3  1 .40 0. 1 5 1  <di 0.010  73.94 0.0 1 1 
70 12.37 1 .26 4.37 1 . 1 3  1 .46 0. 1 39 <di 0.0 10  74.04 0.0 1 1 
80 12.57 1 .24 4.52 1 . 1 2  1 .54 0. 1 67 <di 0.0 10  73.38 0.0 1 I 
90 12.5 1 1 .24 4.74 1 . 1 5  1 .57 0. 1 99 <di 0.0 10  73.81 0.0 12 
1 00 12.44 1 . 1 8  4.26 1 . 1 5  1 .53 0. 1 22 <di 0.0 10  73.85 0.0 12 
1 1 0 12.42 1 . 1 5  4. 1 1  1 . 1 8  1 .5 1  0. 1 02 <di 0.01 1 74.76 0.0 13  
120 1 2.04 1 .60 4.23 1 . 1 6  1 .55 0. 1 3 1  <di 0.0 10  75.29 0.0 13  
130  12.34 1 .08 4. 1 8  1 . 1 9  1 .60 0. 1 14 <di 0.0 10 74.90 0.0 14  
1 40 12.02 2. 1 8  4.20 1 .23 1 .64 0.1 1 8  <di 0.0 10  75.04 0.0 1 5  
1 50 1 1 .45 4.42 3.94 1 .24 1 .77 0.082 0.0 1 0.0 10  74.91 0.0 1 7  
1 60 1 1 .35 5.45 4. 1 1  1 .34 1 .85 0.095 0.02 0.0 10  74.89 0.0 1 7  
1 70 7.04 1 9.52 3.91  1 .46 3.30 0.042 0.05 0.006 60.00 0.022 
252 
LAW 239 microlow 
Element 
Depth Al2O3 I Cao I FezO3 I KP I MgO I MnO I P2Os I Rb I SiO2 I Sr 
cm Wt%--------------------
1 80 6.29 2 1 .27 3.59 1 .42 3.47 0.03 1 0.03 0.005 54.50 0.026 
190 6.82 20.36 4.47 1 .56 3 .66 0.049 0.04 0.006 55. 1 9  0.022 
200 6.35 2 1 .35 3.65 1 .44 3.77 0.038 0.02 0.005 55.06 0.026 
2 10  7.02 1 9.49 4.50 1 .7 1  3 .63 0.048 0.06 0.006 56.49 0.023 
220 9.73 I 1 .77 4.53 1 .86 2.88 0.094 0.09 0.007 69.89 0.0 1 7  
230 8.77 1 6.5 1 5.99 2. 1 1  3.85 0. 103 0. 10  0.008 57. 1 9  0.020 
240 9.03 1 6.08 5.04 2.00 3.50 0.06 1 0. 1 0  0.008 59.76 0.0 19  
250 NA 
260 12.52 6.77 5 . 13 2.00 2.59 0.073 0.08 0.0 10  69.49 0.0 1 6  
270 9.08 1 0.80 2.71 1 .90 2. 1 8  0.038 0.08 0.007 75. 1 7  0.0 1 6  
295 1 0.79 10.61 4.35 2.09 2.56 0.054 0. 1 0  0.009 68.59 0.0 16  
3 1 0  10.29 0.49 3 .07 0.92 I . I  1 0.056 <di 0.009 83.39 0.0 10  
325 10.32 0.46 3 . 1 1 0.91 1 .09 0.071 <di 0.009 82.98 0.0 10 
LAW 469 microhigh 
IO  10.26 1 0.42 4. 1 1  0.87 1 .66 0.080 0.06 0.007 72. 1 5  0.0 12  
20 9.92 1 0.69 4.0 1 0.87 1 .65 0.083 0.06 0.007 73.77 0.0 1 2  
30 10.30 9.93 4. 1 6  0.86 1 .66 0.089 0.05 0.007 73.35 0.0 1 3  
40 9.65 1 1 .88 3 .94 0.88 1 .79 0.058 0.05 0.007 73.44 0.0 14  
50 I 0. 1 1  1 1 .26 4.08 0.90 1 .89 0.079 0.06 0.007 73.4 1 0.0 1 5  
60 9.77 1 0.42 3.92 0.84 1 .62 0.066 0.05 0.007 72.94 0.0 13  
70 10.45 9.53 4.08 0.86 1 .77 0.086 0.06 0.007 74.24 0.0 14  
80 10.00 1 0.36 3 .91 0.85 1 .72 0.043 0.06 0.007 73.92 0.0 14 
90 10.5 1 9.22 4.03 0.87 1 .77 0.081 0.04 0.007 74.2 1 0.0 1 5  
1 00 9.40 1 2.32 3 .85 0.87 1 .9 1  0.062 0.06 0.006 73.56 0.0 1 7  
1 10 10.60 8.71 4.05 0.87 1 .76 0.082 0.05 0.007 74.27 0.0 16  
1 20 10.50 9.66 4.04 0.9 1 1 .77 0.064 0.05 0.007 73.22 0.0 1 5  
130 10. 1 2  9.90 3 .95 0.89 1 .80 0.071 0.05 0.007 74.57 0.0 1 6  
140 8.53 14.2 1 3.62 0.87 2.02 0.065 0.07 0.006 72.38 0.022 
1 50 1 1 .39 5.50 4. 1 1  0.85 1 .58 0.093 0.02 0.008 74.58 0.0 1 5  
160 I 1 .27 8.49 4.35 0.99 1 .89 0.073 0.04 0.008 73.44 0.0 16  
1 70 I 1 .86 7 . 1 5  4.37 0.99 1 .77 0.077 0.04 0.008 73.22 0.0 16  
1 80 10.53 1 2. 1 7  4.67 1 . 1 4  2 . 16  0.075 0.07 0.007 70. 1 7  0.020 
1 90 1 1 .37 9.2 1 4.59 1 .08 1 .96 0.069 0.05 0.008 72.49 0.0 1 5  
200 I 1 .46 1 0.99 4.95 1 .2 1  2.29 0.065 0.08 0.008 68.99 0.0 17  
2 10  1 2.08 9.62 5.08 1 .25 2.23 0.062 0.08 0.009 70.33 0.0 1 7  
LAW 469 microlow 
1 0  9.97 1 .28 3 . 14  0.71 0.74 0.072 0.02 0.008 73.00 0.007 
20 10.68 1 .24 3.40 0.67 0.85 0.086 <di 0.007 73.65 0.007 
30 1 1 .29 1 .33 3.54 0.66 1 .08 0.067 <di 0.007 74.34 0.007 
40 1 1 .32 1 .34 3 .54 0.65 1 .07 0.063 <di 0.008 74.47 0.008 
50 1 1 .23 1 .33 3.50 0.65 I . I O  0.044 <di 0.007 74.07 0.008 
253 
LAW 469 microlow 
Element 
Depth AIP3 I CaO I FeiO3 I K2O I MgO I MnO I P2Os I Rb I SiO2 I Sr 
cm Wt%--------
60 1 1 .84 1 .39 3 .50 0.68 1 . 1 4  0.050 <di 0.008 72.08 0.008 
70 1 1 .27 1 .35  3 .50 0.69 1 .09 0.069 <di 0.008 74.35 0.008 
80 1 1 .60 1 .40 3 .62 0.70 1 .20 0.064 <dl 0.008 75.09 0.009 
90 1 1 .73 1 .47 3.67 0.73 1 .22 0.068 <di 0.008 75.67 0.009 
100 1 1 .85 1 .50 3.74 0.74 l .34 0.065 <di 0.008 76.2 1 0.010 
1 10 1 1 .77 1 .48 3.74 0.75 1 .30 0.050 <di 0.009 75.43 0.010 
120 1 1 .71 1 .46 3.73 0.77 1 .36 0.050 <di 0.009 76.20 0.0 10 
130  1 1 .67 1 .39  3.70 0.78 1 .40 0.052 <di 0.009 76.05 0.0 10 
1 40 1 0.75 5.40 3.75 0.86 1 .56 0.065 0.05 0.008 75.58 0.0 12  
1 50 1 1 .54 2.23 3.68 0.8 1 1 .43 0.060 0.01 0.008 75.30 0.0 1 1 
1 60 1 1 .00 5 .61  3.80 0.87 1 .59 0.080 0.04 0.008 75.42 0.0 14  
1 70 1 1 .55  6.33 4.21 1 .00 1 .69 0.061 0.05 0.009 74.60 0.0 1 5  
1 80 1 1 .35 I 1 .88 4.82 1 .2 1  2.08 0.057 0. 10  0.008 72.70 0.0 16 
1 90 12.2 1 1 3.06 5.57 1 .44 2.38 0.060 0. 1 1  0.009 68.62 0.0 17  
200 12 . 14  1 2.64 5. 1 9  1 .46 2.33 0.063 0. 1 1  0.009 68.44 0.0 18  
2 10  l 1 . 1 5  1 3 .74 5.09 1 .44 2.43 0.055 0. 1 2  0.009 67.72 0.0 16 
220 1 0. 1 8  1 1 .92 4. 1 2  1 .40 1 .97 0.040 0.09 0.008 73.93 0.0 14 
230 1 0.73 1 3 . 1 0  4.60 1 .5 1  2.06 0.050 0. 1 0  0.008 72.08 0.0 15  
LAW 391  microhigh 




50 1 1 .37 I 1 .86 4.30 1 .7 1  2.56 0.056 0. 10  0.0 10  68.63 0.0 10 
60 1 2. 1 5  9.04 4.46 1 .73 2.35 0.070 0.09 0.0 10  69.37 0.0 10  
70 9. 1 4  1 7.02 3.88 1 .65 2.45 0.039 0.09 0.008 67.62 0.01 1 
80 10.20 1 3.97 4. 1 8  1 .68 2.50 0.053 0. 10  0.009 68.63 0.01 I 
90 10.39 1 3.59 4.25 1 .70 2.40 0.056 0. 10  0.009 67.80 0.012 
100 10.56 1 3.78 4.20 1 .7 1  2.50 0.054 0. 1 1  0.009 66.22 0.0 12  
1 1 0 10.32 14.43 4.20 1 .73 2.57 0.043 0. 10  0.009 67.99 0.0 13  
1 20 1 1 .20 1 1 .25 4.23 1 .75 2.43 0.043 0. 10 0.0 10  68.35 0.0 12  
1 30 10 . 10  1 5.3 I 4. 1 5  1 .7 1  2.66 0.047 0. 10  0.008 67.85 0.0 1 3  
1 40 1 2.03 9.34 4.32 1 .8 1  2.46 0.049 0.09 0.0 10  70.58 0.0 1 3  
1 50 1 1 .7 1  9.57 4.33 1 .79 2.32 0.058 0.08 0.0 10  70.38 0.0 12  
1 60 10.03 14.72 4.0 1 1 .7 1  2.43 0.032 0. 10 0.008 66.78 0.01 4  
1 70 10.96 1 1 .81  4.2 1 1 .76 2.3 1 0.049 0.09 0.009 68. 1 6  0.0 1 3  
1 80 IO. I O  1 5.37 4. 1 9  1 .75 2.65 0.045 0 . 10 0.008 67. 1 0  0.0 14  
1 90 9.87 1 5.85 4. 1 0  1 .74 2.56 0.035 0.1 1 0.008 65.61 0.0 1 3  
200 10.09 1 5.32 4. 1 4  1 .75 2.53 0.037 0. 10  0.008 66.57 0.0 14  
2 1 0  9.68 1 6.5 1 4. 1 0  1 .72 2.60 0.032 0. 1 1  0.008 66.34 0.017 
220 9.69 1 5.89 4.08 1 .7 1  2.39 0.044 0. 10  0.008 64.80 0.0 14 
254 
LAW 391 microhigh 
Element 
Depth Al2O3 I CaO I Fe2O3 I K2O I MgO I MnO I PiOs I Rb I SiO2 I Sr 
cm Wto/c 
230 10.4 1 12.75 4.03 1 .77 2.20 0.044 0. 1 0  0.008 67.37 0.0 13  
240 10.44 1 0.83 3.70 1 .74 1 .89 0.042 0.08 0.008 69.2 1 0.0 12  
370 8.2 1 1 6.03 3.03 1 .80 1 .79 0.027 0.09 0.006 69.36 0.0 12  
LAW 391 microlow 
10  12.53 1 .55  4.07 1 .6 1  1 .54 0.076 0.05 0.01 I 67.55 0.007 
20 14.26 1 .70 4.57 1 .62 1 .87 0.087 0.03 0.00 1 68. 1 7  0.008 
30 13 .55 1 .62 4.26 1 .63 1 .72 0.066 0.03 0.0 1 I 69.3 1 0.008 
40 1 3.77 1 .65 4.22 1 .6 1  1 . 8 1  0.064 0.03 0.01 I 68. 1 0  0.008 
50 1 3 .59 1 .65 4.26 1 .6 1  1 .90 0.079 0.04 0.0 1 I 69.89 0.009 
60 14. 12  1 .69 4.29 1 .65 2.03 0.078 <di 0.0 1 2  70.71  0.009 
70 1 3.64 1 .76 4.27 1 .66 1 .88 0.077 0.02 0.0 1 I 69.92 0.009 
80 1 3.87 1 .77 4.4 1 1 .69 1 .97 0.097 0.02 0.0 1 2  7 1 .82 0.0 10  
90 1 3 .79 1 .58  4.38 1 .66 1 .88 0.096 0.02 0.0 12  70.37 0.0 10  
1 00 13 .74 2.36 4.36 1 .70 2.06 0.073 0.03 0.0 12  7 1 .63 0.0 10  
1 I O  1 3.62 3.45 4.3 1 1 .73 2.09 0.063 0.05 0.01 I 69.22 0.01 1 
1 20 13 .48 3.89 4.23 1 .73 2.05 0.048 0.05 0.0 1 I 66. 1 I 0.0 1 I 
130 1 2.2 1 6.84 4. 1 8  1 .7 1  2. 10  0.046 0.07 0.0 1 0  67. 1 2  0.01 I 
1 40 1 1 .0 1  12.01 4. 1 9  1 .73 2.40 0.061 0.09 0.009 65.40 0.0 12  
1 50 14.50 3.00 4.62 1 .84 2.24 0.066 0.05 0.0 12  68.37 0.0 1 I 
1 60 1 3.80 4.98 4.58 1 .86 2.40 0.063 0.06 0.0 1 1 69.37 0.0 12  
1 70 1 3 .42 5.75 4.53 1 .88 2.28 0.058 0.07 0.0 1 I 69.47 0.0 12  
1 80 1 3 . 1 8  6.39 4.50 1 .86 2.33 0.064 0.07 0.01 l 69.52 0.0 1 3  
1 90 12.25 8.84 4.4 1 1 .87 2.40 0.054 0.08 0.01 0  69.72 0.0 12  
200 12. 1 5  8.63 4.44 1 .88 2.34 0.046 0.08 0.0 1 0  69. 1 0  0.0 1 3  
2 10  12.53 7.62 4.43 1 .90 2.25 0.049 0.08 0.01 l 69.47 0.0 12  
220 9.48 17 . 12  4.24 1 .76 2.55 0.032 0. 10  0.008 65.94 0.0 1 6  
230 9.88 1 5.55 4.20 1 .79 2.53 0.040 0. 10  0.008 66.33 0.0 14  
240 10.01 14.4 1 4.28 1 .80 2.48 0.034 0. 10  0.009 65.6 1 0.0 14 
VIC 409 microhigh 
10  9.5 1 6.63 3 . 19  1 .47 1 .69 0.084 0.05 0.008 77.30 0.0 1 3  
20 9.52 7.93 3 . 1 3  1 .49 1 .76 0.089 0.04 0.007 78.46 0.0 14  
30 9.33 7.77 3.22 1 .40 1 .65 0.077 0.05 0.007 76.82 0.0 1 5  
40 9.37 8.50 3.29 1 .47 1 .82 0.079 0.05 0.008 77.43 0.0 1 7  
50 9.77 7.62 3 . 1 6  1 .55 1 .91  0.069 0.03 0.007 77.48 0.01 7 
60 9.61 7.97 3.28 1 .53 1 .86 0.090 0.04 0.007 77.00 0.D l 8  
70 9.98 7.2 1 3 . 1 6  1 .6 1  1 .94 0.079 0.03 0.007 77.63 0.0 1 7  
80 9.72 7.32 3.3 1  1 .56 1 .79 0.069 0.04 0.008 76. 1 6  0.0 19  
90 9.72 7.4 1 3.38 1 .57 1 .86 0.087 0.05 0.008 76.24 0.020 
1 00 9.78 7.34 3.40 1 .60 1 .85 0.085 0.04 0.008 75.88 0.022 
I 1 0  1 0.42 6.36 3 .43 1 .65 1 .93 0.078 0.04 0.008 75.24 0.0 19  
255 
VIC 409 microhigh 
Element 
Depth Al2O3 I CaO I FezO3 I K2O I MgO I MnO I P2Os I Rb I SiO2 I Sr 
cm Wto/c 
120 1 0.20 6.26 3 .44 1 .62 1 .87 0.094 0.04 0.008 76.37 0.0 19  
1 30 1 0.02 6.29 3.39 1 .62 1 .69 0.066 0.03 0.008 75.09 0.0 1 9  
1 40 1 0.09 6.54 3.41 1 .69 1 .88 0.073 0.04 0.008 76.66 0.0 19  
1 50 9.86 6.35 3.32 1 .62 1 .68 0.063 0.04 0.007 76.63 0.0 1 8  
160 I O. IO 5 .56 3.32 1 .66 1 .65 0.083 0.04 0.008 77.53 0.0 1 7  
1 70 NA 
1 80 7.88 5.80 2.76 1 .08 1 .43 0.052 0.08 0.006 73.35 0.0 1 6  
190 7.27 8.66 2.8 1 0.96 1 .7 1  0.044 0.09 0.006 68.72 0.0 1 8  
200 5 . 1 5  9.95 2.36 0.43 2.32 0.030 <di 0.004 6 1 .24 0.0 1 8  
2 1 0  7. 17 8.2 1 2.74 0.95 1 .63 0.038 0.08 0.006 69.53 0.0 1 7  
220 8.40 9.0 1 3.05 1 .43 1 .37 0.049 0.06 0.006 71 .73 0.0 16  
VIC 409 microlow 
IO  9.75 0.96 2.78 1 .55 I . I I 0.072 <di 0.008 77.26 0.008 
20 1 0.20 1 . 1 7  3.06 1 .44 1 .26 0.090 <di 0.008 78.65 0.009 
30 10 . 13  1 . 1 7  3.01 1 .42 1 .22 0.074 <di 0.008 77.69 0.009 
40 10.29 1 .27 3.04 1 .4 1  1 .32 0.072 <di 0.008 77.53 0.0 1 0  
5 0  10. 1 5  1 .77 2.98 1 .39 1 .39 0.078 <di 0.008 77.89 0.0 1 0  
60 9.62 1 .80 2.92 1 .35 1 .28 0.076 <di 0.008 78.78 0.0 1 1  
70 9.5 1 3.79 2.88 1 .40 1 .42 0.070 <di 0.007 75.48 0.0 1 3  
80 9.90 2.88 2.78 1 .44 1 .46 0.067 <di 0.007 76.84 0.0 1  I 
90 1 0.05 2.62 2.96 1 .44 1 .45 0.070 <di 0.008 75.09 0.0 12  
1 00 8.73 5.67 2.74 1 .36 1 .44 0.07 1 0.02 0.007 76.09 0.0 14 
I JO 9.42 4.07 2.93 1 .47 1 .4 1  0.073 0.02 0.007 76.51  0.0 1 4  
120 9.38 5.09 3 .00 1 .53 1 .47 0.073 0.02 0.007 74.37 0.0 1 5  
1 30 8.95 6.30 2.93 1 .52 1 .49 0.062 0.03 0.007 73.84 0.0 16  
140 9.34 4.99 3.02 1 .55  1 .4 1  0.067 0.01 0.007 75.02 0.0 1 5  
150 9 . 19 5 .85 2.96 1 .55  1 .49 0.062 0.02 0.007 75.28 0.Q l 5  
1 60 9.3 1 5.74 2.87 1 .55 1 .4 1  0.070 0.02 0.007 7 1 .2 1  0.0 1 5  
1 70 9.09 6.06 2.89 1 .52 1 .47 0.055 0.03 0.007 74.49 0.0 16  
1 80 8.02 1 3.76 3.9 1 1 .34 2. 1 1  0.088 0. 1 0  0.006 58.35 0.0 1 8  
190 8.98 6.83 2.93 1 .52 1 .53 0.065 0.03 0.007 73.26 0.0 16  
200 9.60 5.20 3 .04 1 .59 1 .44 0.064 0.02 0.007 75.20 0.0 1 5  
2 1 0  9.07 6.77 3.02 1 .53 1 .5 1  0.058 0.04 0.007 73.46 0.0 1 7  
220 9.86 4.01 2.96 1 .56 1 .41  0.058 0.03 0.007 73. 1 3  0.0 14  
230 9.87 4.25 3.04 1 .58  1 .5 I 0.059 0.03 0.007 75.97 0.Q l 5  
240 9.92 4.44 3.07 1 .58  1 .42 0.06 1 0.04 0.007 73.82 0.Q l 5  
250 9.93 3 .23 3 . 1 5  1 .55 1 .45 0.066 0.06 0.008 77.3 1 0.0 14 
260 9. 1 8  1 0.06 3.66 1 .55 1 .73 0.064 0. 1 2  0.007 64.91 0.020 
270 8.29 12.66 3.92 1 .3 1  2.21 0.061 0. 1 0  0.007 57.76 0.0 17  
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Appendix 4: Data and Statistical Tables for Chapter 4. 
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Table A4- 1. Elemental conten ts of bulk iron-manganese nodu les isolated from modem 
Texas Vertisols . 
Profile Depth Element 
designation 
Al I Ca I Fe I K I Mn I Si I Ti 
cm wt o/c 
LEG 245A L 1 0  3 .4 1a 0.43 1 9. 1 0  0.32 6.23 12.89 0. 1 7  
5 0  3.50 0.35 23.86 0.24 3 .57 1 1 .63 0. 1 6  
70 3.40 0.23 27.23 0.28 1 . 1 6  1 1 .48 0. 1 6  
90 4.22 0.55 1 5 .66 0.35 2.72 1 7.49 0.22 
1 1 0 4.30 0.48 2 1 . 1 0 0.34 1 .66 14.23 0 . 19  
1 30  3 .9 1 0.49 24. 1 7  0.3 1 2.46 14.07 0. 1 6  
1 50 3 .85 0.39 25.25 0.2 1 1 .77 1 3 .39 0. 1 7  
1 70 3 .6 1  0.43 24.57 0.29 1 .95 1 3 . 1 7  0. 1 8  
1 90A 3 .70 0.63 22.05 0.34 4.49 1 3 .94 0. 1 7  
1 90B 3 .95 0.66 23 .21 0.38 4.78 14.72 0. 1 9  
2 1 0  4.23 1 .66 2 1 . 1 9 0.50 4.34 1 4.49 0.22 
230 4.02 3 .08 1 5.85 0.38 4.92 14.33 0.2 1 
250 4.39 3 .56 14.30 0.5 1 5 .44 14.55 0.22 
LEG 245A H 1 0  3.62 0.37 23 .89 0.28 2.87 1 3 .90 0. 1 8  
30 3 .77 0.60 24.7 1  0.3 1 3 .72 1 3 .52 0. 1 7  
50 3 .65 0.5 1 23 .74 0.3 1 3.32 1 5 .72 0. 1 9  
70 4.04 0.62 26.3 1 0 .30 2.70 1 1 .94 0 . 1 9  
90 4.26 0.34 28.45 0.3 1 0.84 12.69 0 . 1 7  
1 1 0 4. 1 8  0.38 27.76 0.3 1 1 .80 1 3 .47 0. 1 7  
1 30  3 .93 0.41 26.84 0.26 1 .49 12.90 0. 1 8  
1 50 3 .65 0.53 22. 14 0.28 3 .25 1 4.71 0 . 1 7  
1 70 3 .79 0 .97 26. 1 4  0.28 1 . 1 9  14.55 0. 1 7  
1 90 3 .86 0.43 23 .76 0.26 1 .44 14 .86 0. 1 6  
2 1 0  3.8 1 2.03 1 6.70 0.37 3 .73 1 5.24 0. 1 8  
230 4.07 4.62 12.97 0.54 5 .91  14.78 0.20 
250 4.39 1 .82 12.30 0.58 9.49 1 7.00 0.23 
LAC 20 1 L 1 0  4. 14  0. 1 6  20.62 0.57 4.48 1 6.42 0. 1 8  
30 3 .98 0.06 25.0 1 0.48 1 .69 1 5 .90 0. 1 5  
a Each value represents the composite value of three sub-samplings and extractions. 
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Profile Depth Element 
designation 
Al I Ca I Fe I K I Mn I Si I Ti 
cm wt o/c 
LAC 20 1 L 50 4. 1 8  0. 14 1 9.06 0.60 5.33 1 7.74 0 . 1 6  
70 4.23 0. 1 2  22.49 0.58 3 .65 1 6.56 0 . 1 5  
90 4.36 0.32 1 7.81 0.64 6.35 1 6.89 0. 1 6  
1 1 0 4.3 1 0.3 1 1 8.34 0.64 5.88 1 7.89 0. 1 6  
130 4.65 0.43 1 6.39 0.69 6.78 19 .04 0 . 19  
1 50 4.36 0.33 1 8.92 0.64 3 .9 1  1 8.67 0. 1 8  
1 60 4.36 0.23 24. 1 7  0.58 1 .30 1 8 . 1 8  0. 1 3  
170 4. 1 1  2.86 14.46 0.64 5.47 1 7.09 0. 1 5  
LAC 20 1 H 1 0  4.45 0.37 2 1 .68 0.54 3 .05 15 .63 0. 1 6  
30 4.55 0.55 1 6.88 0.56 5.67 1 6.34 0. 1 9  
50A 4.25 0.28 2 1 .83 0.50 1 .43 1 5.73 0. 14 
50B 4.28 1 .2 1  1 7.62 0.58 5 .56 1 6.73 0 . 1 5  
70 4.35 0.44 1 7.37 0.58 6.03 1 7.43 0. 1 7  
90 4.67 0.49 1 6.48 0.62 5.33 1 7.3 1 0 . 1 8  
1 00 4.52 0.34 2 1 .90 0.66 2.08 1 5.85 0. 1 8  
1 30 4.38 0.33 1 8.05 0.70 3 .77 1 8.33 0. 1 7  
1 65 4.39 0.32 1 8.74 0.67 4.33 1 6.86 0. 1 6  
1 80 4.46 0.49 1 9.44 0.76 1 .67 1 7.93 0 . 1 7  
30 5.06 0.58 1 6.23 0.64 1 1 .26 14.70 0 . 19  
50 5 .56 0.78 1 3 .77 0.72 1 3 .07 1 7.66 0.23 
60 5 . 12  0.67 1 6.01 0.7 1 1 0.89 14.55 0. 1 6  
LAC 48 1 L 70 5.28 0.74 1 3 .76 0.74 12 . 12  1 5.2 1 0. 1 9  
90A 5.39 I .O J  1 5.09 0.77 9.89 1 5 . 1 6  0. 1 8  
90B 4.82 0.67 1 6.8 1  0.64 1 0.04 1 1 .93 0 . 1 5  
1 1 0 4.89 1 .7 1  14.4 1 0.62 1 0.55 12.00 0. 1 5  
120 4.57 1 .44 12. 1 9  0.67 1 0.60 1 1 .39 0. 1 8  
130 4.85 2.05 1 1 .03 0.70 1 0.98 12.79 0. 1 7  
1 50 4.88 0 .97 1 1 .30 0.67 1 1 .05 12.69 0. 1 5  
1 60 5.00 0.99 1 0.50 0.74 1 0.5 1 1 3 .26 0. 1 9  
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Profile Depth Element 
designation 
AI I Ca I Fe I K I Mn I Si I Ti 
cm --------wt ¾ 
LAC 48 1 L 1 70 5. 1 8  0.97 1 0.59 0.77 1 3 .00 1 3 . 1 5  0. 1 8  
1 80 4.30 3 .06 17.69 0.46 5.44 1 2.02 0. 1 8  
200 4.97 1 .88 12.09 0.75 8.58 12.55 0.2 1  
2 1 0  4.99 5.37 1 1 .27 0.94 5.47 12.2 1 0 . 1 9  
220 4.99 1 0.28 8.40 1 .04 2.43 1 2.52 0. 19  
LAC 48 1 H 1 0  5 .46 2.20 1 2.32 0.78 6.29 1 7.30 0.2 1 
30 5.26 0.76 1 5.80 0.65 9. 1 7  14.04 0. 1 8  
50 5.32 0.86 1 5.89 0.71 1 0. 1 0  14.24 0. 1 8  
70 5 . 1 9  0.72 1 8.79 0.75 6. 1 7  14.6 1 0. 1 7  
90 5.49 1 .84 1 5 .44 0.85 8.3 1 1 3 .74 0. 1 8  
1 1 0 6 . 12  1 .0 1  1 3 .36 0.87 9. 1 0  1 6.33 0.22 
1 30A 5.57 0.83 1 8.78 0.78 5.45 14.08 0. 1 9  
1 30B 5 .68 0.96 14.00 0.84 1 1 . 1 6  1 5 . 1 7  0 . 19  
1 50 5.90 0.95 1 3 .38 0.91 9.74 1 6. 1 1  0.23 
1 70 5 .33 2. 1 1  1 3 .03 0.77 1 0.3 1 1 3 .40 0.20 
1 80 5.94 0.8 1 1 8. 1 9  0.87 5.63 1 6.00 0.20 
1 90 4.54 4.32 1 0.80 0.85 6.49 12.72 0 . 17  
LAW 239 L 1 0  4.42 0.70 1 2.90 0.55 1 0.72 1 1 .88 0.21 
30 4.6 1 0.74 12.52 0.57 1 1 .62 1 3 .40 0.22 
70 4.52 0.75 14.73 0.50 8.42 12.71  0.23 
90 4.45 0.97 12.27 0.49 9.80 1 2.26 0.2 1 
1 1 0 4. 1 5  0.8 1 1 3 .72 0.48 9.35 1 1 .94 0.20 
120A 4.22 0.78 1 5.78 0 .56 9.56 I 1 . 1 5  0.20 
120B 4.62 6.76 1 3 .95 0.55 4.07 9.6 1 0. 1 8  
1 30 3 .86 2.56 1 1 .2 1  0.48 9.64 1 0.20 0.20 
1 60 4.05 3 .01  1 1 .44 0 .56 8.66 I 1 .0 1  0.2 1 
LAW 239 H 20 4.29 1 .44 12 .29 0 .59 9.94 1 2.32 0. 1 9  
40 4.32 I . I  I 1 0.08 0.55 1 2. 1 1  1 2.89 0.22 
50 3 .94 3 .99 1 0.55 0.43 9.90 1 1 .52 0 . 19  
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Profile Depth Element 
designation 
Al I Ca I Fe I K I Mn I Si I Ti 
cm -----wt % 
LAW 239 H 70 4.50 1 .3 1  1 6.35 0.59 5.73 1 1 .98 0.21 
90 4.56 5 . 19  1 1 .9 1 0.74 6. 1 8  1 1 .55 0.20 
1 1 0 4.55 3 .83 I 1 .84 0.67 6 . 10  1 1 .72 0.2 1 
1 30 4.80 4.72 1 1 .60 0.70 6.57 1 2. 1 9  0.2 1 
1 50 4.73 1 . 1 8  1 1 .70 0.67 9.48 1 2.68 0.2 1 
1 60 4.70 1 .57 1 6.02 0.65 4.78 1 1 .83 0. 1 8  
1 90 4. 1 1  6.29 9.30 0.59 3 .69 9.79 0. 1 6  
VIC 409 L 1 90 1 .62 1 9.92 2.29 0.4 1  5.39 5.47 0. 1 1  
2 1 0  2.45 1 6.48 3 .24 0.39 7.39 7.5 1 0. 1 5  
VIC 409 H 1 0  0.39 12 .47 1 . 14  <0.05 1 .59 2.3 1 0.04 
30 0.52 33 .73 0.97 <0.05 0.55 3 .23 0.03 
50 0.91 30.08 1 .64 <0.05 2.35 4.02 0.05 
60 3 .65 2. 1 9  6.3 1 0.75 1 6.49 12.52 0.22 
70 1 .23 25.70 2.38 <0.05 4.0 1 5.07 0.07 
90 2.99 1 0.20 7.27 <0.05 9.71 9 . 10  0 . 17  
1 80 2.52 1 8. 1 8  3 .52 0.37 6.47 7.52 0 . 14  
LAC 1 57 L 30  3 . 8 1  0.92 1 2.27 0.66 8.72 6.70 0 . 14 
1 30 3 .76 0.42 12.3 1 0.53 8.33 6.76 0. 1 5  
1 50 0.86 5 .34 1 2.5 1 0.24 4.65 1 0.23 0.03 
230 0. 1 8  1 .48 12.37 0.37 4.49 4.03 0.04 
LAW 469 L 30  3 .52 0.95 9.89 0.42 6. 1 7  8.90 0 . 17  
1 30 3.55 0.72 1 0.35 0.38 1 1 .72 8.80 0 . 17  
1 50 2.71 0.78 12 .45 0 .45 8.46 8.00 0. 1 3  
230 2.98 1 .41 1 3 .03 0.60 10.57 1 2.43 0 . 14  
LAW 391  L 30  3 .85 1 .03 9.56 0.89 4. 1 5  1 0.67 0.22 
1 3 0  3 .86 0.5 1 9.32 0.73 6.93 8.67 0.2 1 
1 50 2.65 1 .94 9. 1 6  0.76 8 . 16  8.63 0. 1 8  
220 2.60 2 . 1 5  8.85 0.85 8.68 9.89 0. 1 7  
261 
Table A4-2. Descriptive statistics for iron and manganese in nodules isolated from 
modern Texas Vertisols. 
Profile Element Statistical Value 
Mean Standard Maximum Minimum Confidence Interval 
Deviation (99%) 
wt % ------
LEG 245A Fe 22.05 4.72 28.45 12.30 2.38 
LAC 20 1 1 9.36 2.75 25.0 1 14 .46 1 .59 
LAC 1 57 12.36 0. 1 1  1 2.5 1 1 2.27 0 . 14  
LAC 48 1 1 3 .96 2.75 1 8 .79 8.40 1 .34 
LAW 239 12 .73 1 .98 1 6.35 9.30 1 . 1 4  
LAW 469 1 0 . 1 8  0.26 1 0.45 9.89 0.34 
LAW 39 1  9.22 0.30 9.56 8.85 0.39 
VIC 409 3 .20 2.22 7.27 0.96 1 .9 1  
---------------------------------------------------------------------------------------
LEG 245A Mn 3 .36 1 .99 9.49 0.84 1 .00 
LAC 201  4. 1 9  1 .79 6.78 1 .30 1 .03 
LAC 1 57 6.57 2.29 8.72 4.49 2.95 
LAC 48 1 9.08 2.66 1 3 .07 2.43 1 .29 
LAW 239 8 .39 2.56 12. 1 1  3 .69 1 .48 
LAW 469 9.23 2.45 1 1 .72 6. 1 7  3 . 1 5  
LAW 3 9 1  6.98 2.02 8.68 4. 1 5  2.6 1 
VIC 409 6.00 4.9 1 1 6.49 0.55 4.22 
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Al Ca Fe K Mn Si Ti 
wt o/c 
Maccrady 5 . 1 0  0.25 20.90 1 .92 0.0 1 1 8.69 0.26 
4.93 0.39 22. 14 1 .34 0.02 19 .78 0.25 
5 .74 0 . 1 3  1 9.57 2.02 0.0 1 1 7.76 0.27 
Pennington I 5.34 2.60 1 5.8 1  2 . 19  0. 1 1  32.69 0.34 
5.20 2.36 1 3 .52 2.89 0 . 1 3  33.05 0.28 
4.36 3 . 1 0  14.66 1 .96 0. 1 2  3 1 .96 0.3 1 
Pennington II 0.20 2.91 7.50 1 .0 1  0.76 4.66 0.2 1 
0 . 19  2.09 7.2 1 0.97 0.80 5 .03 0.22 
0.26 2.74 7.5 1 1 .0 1  0.78 5.95 0.22 
Dunkard 3 .74 8.73 6.06 2.22 0.3 1 38.92 0.24 
2.35 8.96 6.32 2.54 0.34 35 .64 0.24 
4.50 9.72 5.78 2.34 0.29 37.56 0.2 1 
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